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Preface 


The first edition of this book appeared in 1942, during the early days 
of World War II. As we look backward, the phrase ^‘applied nuclear 
physics” seems more of a chauvinistic hope than an accomplished re- 
ality. Yet, even as the pages came from the presses, Fermi and his 
cohorts were busy in Chicago fashioning that historic structure of 
graphite and uranium which was to herald the birth of the atomic age 
and broaden tremendously the potential applications of nuclear science. 
Thus the same act that gave muscle and sinew to applied nuclear 
physics — the concept — signaled obsolescence for our book bearing the 
same name. 

The present edition represents an effort on our part to remedy this 
situation. A new chapter on nuclear chain reactions has been added. 
Special sections have been devoted to pile theory, neutron diffraction, 
cross sections, and cosmic rays. Also included for the first time are 
detailed instructions to guide the reader who may wish to perform a 
number of informative laboratory experiments in nuclear physics. 
The tables of nuclear data have been brought up to date. Much of 
the subject matter common to both editions has been rewritten and 
expanded in the light of advances of the past eight years. In a field 
of science receiving as much attention as is being accorded nuclear 
physics today it is inevitable that the tempo of progress will be rapid 
and ever forward. However, it is our modest hope that the ensuing 
pages give a reasonably balanced and accurate picture of nuclear sci- 
ence and technology as they exist today — 1950. 

The reader may question the preceding statement in view of the 
absence of discussions relating to atomic weapons. Atomic bombs, 
thermonuclear reactions leading to an hydrogen bomb, and radio- 
logical warfare are scarcely mentioned. Two reasons account for 
these omissions. In the first place, security regulations would prevent 
our discussing these subjects in other than general, speculative, and 
watered-down terms. A second and more insistent rationale prompts 
us to omit these items. Thus far, the utilization of atomic energy for 



VI 


PREFACE 


(Itvstnictive purposes lias had an impact on civilization far outweighing 
the beneficial gains. And as we stand today, perhaps in the shadow 
of another woild catastrophe, it requires a brave man indeed to sug- 
gest that the scales will be balanced tomorrow or even a century hence. 
Vet it is impossible for us to believe that the ultimate destiny of this 
primortlial force is to be one of devastation, desolation, and chaos. 
If this be so. then, truly, the efforts of that band of scientists, laboring 
jiatiently over the years to wrest these secrets from nature, have been 
in vain. Rather must we believe that in the final analysis it is the 
constructive, good, anti usetul side of this tlouble-edged sword which 
will prevail. Hence it is these which are stressed in this book. 

No subject in science has been studied with as much sustained inter- 
est as the transmutation of the elements. Transmutation is essentially 
linked with the atomic nucleus, and its study will continue to be of 
utmost value in elucidating the characteristics of this smallest domain 
of nature. Undoubtedly this study will yield new and important 
theoretical ideas. Yet it is doubtful that these ideas ever will have 
the influence in fields outsitle the realm of physics that is already 
exerted by the technical developments in nuclear physics. The dis- 
covery of artificial radioactivity has put in the hands of chemists, 
biologists, engineers, and medical workers the means for studying in- 
dividual “tagged” atoms, which permits experiments that could not 
have been contemplated a short time ago. The advent of nuclear re- 
actors has parted the curtain on untold v’istas in science, j^roviiling 
the physician with potent tools for the treatment of disease, the crys- 
tallographer with a new probe for deducing atomic arrangements in 
matter, the industrial scientist with unbelievable radiation fluxes 
which can serve to exert profound changes on metals and organic coin- 
pounds, and an energy-hungry world with a source of concentrated 
power, possibly comparable in extent to our present known reserves 
of fossil fuels. 


The technical aspect of nuclear pliysics 
\\’e aim at presenting the essential facts 


is emphasized in this book, 
in such a way as to be of 


service to the growing army of scientists and engineers, who, though 
not necessarily ver.scd in the language of physics, are using the prod- 
ucts of nuclear jiliysics in their respective spheres. 


Although the elaborate theoretical apprt>ach to nuclear processes 
has been eliminated, we feel that the account is sufficiently thorough 
to make this a useful textbook in a course on nuclear physics. 

We have not aimed at making this primarily a reference book, but 
rather one to be read for description and explanation. We have, 
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therefore, not compiled a complete table of references, which indeed 
would necessitate a much larger work than this, but we have pro- 
vided a small number of references which can be consulted for more 
detailed information. 


January 1961 


Ernest C. Pollard 
William L. Davidson 
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1 • Randomness, Reason, 
and Atomic Energy 


The world is made up of atoms. These atoms are invisible, and indeed 
modern physics is in a sense founded. on the belief that atoms can never 
be seen. Yet it is known that there are only a certain number of types 
of atom and that these types have certain quite definite structures 
which clearly explain the properties of the atoms. Atoms are tiny — 
about 10“® cm across, and they consist of electrons rotating about 
something much smaller yet, the atomic nucleus, which is about 10“^- 
cm across. The nucleus, which is so tiny, is the storehouse of energy 
in the universe, and recently that storehouse has been tapped by man- 
kind, for what is perhaps the first time. 

This book is concerned with the nucleus of the atom, a realm of 
nature completely foreign to our senses, forever far too small to be 
seen. Its properties are largely unknown, and it offers a challenge to 
scientific research which is perhaps unequalled by any other object of 
study. Yet an impressive number of facts are known about these 
invisible nuclei, and soon these facts will be described. The authors 
have told this kind of story many times, and invariably the first 
reaction of the audience is the question: “How do you know these 
things about atoms and nuclei?” Therefore first we propose to spend 
a part of this chapter indicating how this knowledge is gained. 

The method used involves faith in a theory which predicts the re- 
sults of experiments accurately. The first such theory of interest here 
was that of Dalton who proposed that chemical elements could be 
divided into smaller and smaller units, just so far and no more. That 
limit was the atom of the element. The prediction made from this was 
that elements would combine with one another in definite proportions 
by w^eight, and not in variable proportions as in a solution. Careful 
experiment showed that for a wide variety of combinations this pre- 
diction worked, and the atomic theory accordingly was accepted as a 
basis for explaining chemical combinations. The second theory was 
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the kinetic theory which proposed that matter, particularly gases, is 
made up of molecules in rapi<l motion and that the effects of such 
motion include temperature and pressure. This theory required that 
the number of molecules in even small volumes be enormous. The 
conclusions drawn were by no means so clean-cut as those of the 
original hypothesis of Dalton, for the reason that complete predictions 
would have to involve the structure of the individual atoms, an un- 
known factor. Nevertheless the theory had some confirmation, such 
as the verification of the prediction that the viscosity of a gas does 
not depend on the pressure for wide pressure ranges. 

The first real success of this theory came when means for producing 
nearly evacuated spaces became available. The electric discharge 
became a plienomenon which could be studied accurately, and in par- 
ticular it was found that, when pressures were finally obtained low 
enough to permit molecules to traverse a tube without collision, 
charged particles called electrons were emitted from the cathode. 
These electrons were part of atoms, electricity was apparently atomic 
in origin, and a wave of new experiment and theory began. 

The first prediction based on the new atomic theory was that all 
electrons are alike. This meant that they should all have the same 
charge, mass, and any other property of importance. The fact that 
they had the same charge was proved by J. J. Thomson, C. T. R. 
Wilson, and most convincingly (though later) by R. A. ^Millikan. 
With this proof went the consequence that all electrons had the same 
mass, since the deflection in a magnetic field depends primarily t>n the 
ratio of charge to mass and this had already been shown to bo a 


constant. 

The next prediction brought a groat upheaval in thought, which is 
only now subsiding. This was that the atom consists of a solar system 
with electrons for planets and something unknown for a sun. The un- 
known was called the “nucleus.” Since the eloctnm had been shown 
to be light, the nucleus had to be heavy. Since the electron is nega- 
tive and matter is neutral ordinarily, the nucleus had to be positive. 
Since the electron had a fixed charge, the nucleus had to have mul- 
tiples of this fixed charge. All this is quite sensible. The nasty point 
concerned the fact that all the electrons in the atom rotate about the 
nucleus, they are therefore accelerated, and therefore thev should do 
what any other accelerated charge should do— thev should radiate 
clectrc, magnetic energy. This energy tl.cy aeconiinglv should lose, 
and in losing it they shouhl fall toward the mieleiis. ' The birth of 
such an atom would therefore also be its death. This ineseapable 
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conclusion meant that the birth of such a theory was also its death. 
A theory, however, lives in the minds of people. It died for most 
scientists, but not for Rutherford. Rutherford had turned his experi- 
mental skill on the subject of radioactivity and with a tremendous 
instinct had fastened on the “alpha” particle, known to be emitted 
from many radioactive elements. This particle is easily stopped, yet 
it tears the electrons from hundreds of thousands of atoms before it 
stops. It does this so effectively that single particles produce feeble 
but observable scintillations in zinc sulphide crystals. 

Rutherford proved indirectly and directly fby collecting enough 
particles to produce a spectrum) that these particles are helium atoms 
in some form or other. He proved that they are doubly charged, and 
that their mass is nearly that of the helium atom itself. He began to 
use these helium particles to bombard matter. The results of his 
work resuscitated the nuclear theory of atoms, and today it is firmly 
established. To use it, however, we require wholly new concepts of 
motion and of radiation. 

The process of atomic bombardment is one of great interest. The 
alpha particles are produced at random from the radioactive element 
used as a “source.” The atoms in a gas or even a solid target must 
be considered as distributed at random. One's first reaction is that 
this combination of randomness can result only in complete confusion. 
Yet it doesn’t. Firm and sure conclusions can be drawn from such 
experiments as Rutherford’s. 

The reason is that the large numbers of atoms in materials offer a 
statistician’s paradise. Averages can be taken over billions of bil- 
lions, not a few tens. With such averages great precision can be at- 
tained. It is this fact which makes a science out of atomic bom- 
bardment. 

Consider a set of gold atoms in a foil. There are, say 10^^ of them. 
Now suppose that each has an area of 10“^® sq cm, as would be ex- 
pected from an atom with a diameter of approximately 10”* cm. The 
total area the atoms present is therefore actually 10 sq cm. If the 
area of the foil happens to be less than this, then an atom fired at the 
foil should bounce and not go through. Rutherford knew that, al- 
though a few alpha particles bounce, most go through, and through 
much thicker foils too. He therefore argued that the atoms must be 
smaller, certainly from the point of view of an alpha particle. If it 
could be argued that alpha particles are helium nuclei, far smaller 
than helium atoms, and that they are not affected appreciably except 
by other atomic nuclei, then the transparency of the gold can be ex- 
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|)Iainefl. Rutlicrford tlicrcfore took this as a hypothesis. He sug- 
gested that, if the alpha particles which actually do bounce from the 
gold were carefully observed, tliey would prove to be distributed as 
if tiiey had been charged particles deflected by the field of a gold 
nucleus. Rutherford mastered the mathematics of this kind of deflec- 
tion and found that the numljer scattered through any angle should 
he proportional to the fourth power of the cosecant of half that angle, 
and also that at any angle tlie number scattered should depend on 
the inveise s^iuare of the energy of the particle. Geiger and Alarsden 
showed that these two ejueer conclusions were valid. Tliey showed 
further that the nuclear charge rcfjuired for helium and gold were 
those required by the position of the two elements in the I'leriodic 
table. Certainly Rutherford was convinced of the reality of the nu- 
clear atom. 

Then came one of the most curious twists that has ever happened 
in science. The nuclear atom was used by Bohr to explain the spec- 
trum of hydrogen, a sj)ectrum well known to be simple, but with a 
baffling simplicity that fitted nothing else in physics. To be under- 
standable in 1913, spectra had to be like the overtones of an organ 
pifie, with frequencies in multiples of whole numbers. The hytlrogen 
spectrum had fre(|ucncies dependent on whole numbers, but inversely 
on the scpiare of whole numbers. Bohr showed that jirecisely the ob- 


served relation could be expected with the nuclear atom, providetl one 
started with some new postulates. In this Bohr showed the imagina- 
tion necessary to comprehend the new and invisible jmrt of nature. 
An/are i.s built up from atoms, not doirti to atoms, and clear under- 
standing of nature can be gained only by starting from atoms and 
thinking outward, not by attempting to conceive of atoms as small- 
scale rein-oductions of what we are used to seeing. Bohr perceived 
this and by his postulates founded the first valid atomic theory. To- 
da\ these postulates are part of a intire complete theory, (quantum 
mechanics, and appear as necessary conse(|uences of the theory. 
Nevertheless Bohr’s theory made it finally necessary to believe the 
atom to have a nucleus, small and charged in units of the electronic 

charge, with a positive sign and a number of units characteristic of 
the ciiemical properties of the element. 


It IS interesting to see the divergence in interest of the two great 
men. Bohr and Rutherfonl. Ib.hr followed keenlv the intense develop- 
ment of the understanding of the electrons which go in orbits around 
the nucleus, a development which went furiously forward in every 
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nation. Rutlicrford stayed resolutely with the nucleus he had dis- 
covered. 

To do this required much imagination. The tiny nucleus is the 
least theatrical part of the atom, and it took much insight to believe 
that it played a dominant role. Y^et Rutherford, with the belief that 
radioactivity originated in the nucleus and with an intense intere.st 
in radioactivity, was convinced that the fireworks were in the nucleus. 
He held this conviction even though the excitements of the chemist 
and spectroscopist were all concerned with the outer part of the atom. 
Later events have proved him right. 



A 


Fig. 1. Rutherford’s original apparatus for the transmutation of nitrogen into 
oxygen. Alpha particles from the source boiiibaixl nuclei of nitrogen anrl cause 
the transmutation. At the same time swiftlj' moving hydrogen nuclei are set 
free, which travei'se a considerable thickness of absorber and are detected on the 

scintillation screen. 

Rutherford therefore sought stronger and stronger sources of alpha 
particles. AVith these sources, one of his students, Marsden, found 
that hydrogen when bombarded by alpha particles gave rise to new 
particles of longer range and somewhat different character. Ruther- 
ford proved that these were hydrogen nuclei, or protons. And then, 
in the strained and tense atmosphere of World AVar I, Rutlierford 
began the experiments that have led directly to the release and partial 
control of atomic energy. Rutherford found that these protons were 
produced from air as well as from hydrogen. However, air has to be 
dried carefully lest there be hydrogen nuclei in water vapor. The 
careful proof that protons can be knocked out of nitrogen nuclei by 
alpha particle bombardment had to wait until 1919. Then Ruther- 
ford was able to show that not only were the protons produced far too 
abundant to be caused by traces of hydrogen but that they also had 
more energy than ever before observed. These protons were hydrogen 
atoms which had been produced from a totally different element, 
nitrogen. The apparatus for this, the first transmutation ever pro- 
duced by man, is shown in Fig. 1. It is in striking contrast to the 
elaborate equipment of modem atom smashing. 
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N is tlie source of alplia particles (a deposit of Ra[B + C] on a 
metal disk); Z. the particle detector, a zinc sulphide screen which 
emits faint scintillations when single alpha particles or protons strike 
it; A, a series of absorption screens which consist of thin mica or 
aluminum and can be placed between the gas in the box and the zinc 
sulphide screen, ^\'hen liydrogen was introduced into the box, as in 

the experiments of IMarsden, it was 
found necessary to introduce about 
four times tlie thickness of absorber 
to stop all scintillations from reaching 
the screen. This increased thickness is 
easily explained, for in the bat-and- 
ball kintl of collision the alj^ha par- 
ticle acts as the bat and is four times 
heavier than the hydrogen nucleus, the 
ball. Therefore an increased penetra- 
tion by the lighter hydrogen nucleus, 
or proton, is to be expected. However, 
beyond this absorption no scintilla- 
tions at all were found. When care- 
fully dried air was introduced into 
the box, a few scintillations were 
found beyond this point. Rutherford 

correctly concluded that the nxicleus 
% 

of nitrogen had been in some way in- 
vaded by the alpha particles and that 
new particles were prodiiced. 

The nature of this transformation 
was not at first understood. It might 
be a shattering of the nitrogen nucleus into fragments; it might be 
a detachment of one part of the nucleus; or it might be a kind of 
chemical reaction in wliich helium anti nitrtigon ctnnbineti and new 
elements were formed. 1 he nature of the process was finally con- 
clu.^ively established by tlie experiments of Blackett in the Cavendish 
Labtiratory and independently by Harkins at Chicago. A repre- 
sentation of a picture taken by Blackett is slunvn in Fig. 2. Blackett 
anrl Harkins inde]M*ndently undertook the laborious procedure of pho- 
tographing many times a small number of alpha-particle tracks in a 
Wilson cloud chamber (which renders the paths of ionizing particles 
visible by the presence of droplets of water where the ions are formed), 
in the hope that one photograph would show a transmutation with the 


Fig. 2. Diagrammatic represen- 
tation of a cioucl-ehainbcr picture 
showing the occurrence of a trans- 
mutation event. Of the numbers 
of wasted alpha-particle tracks, 
one i.s seen where the alpha par- 
ticle has combined with a nitrogen 
nucleus with the emission of a 
proton. That this combination 
takes place is showm by the ab- 
sence of a fourth track due to the 
spent alpha particle. 
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expected thin long track of the ejected hydrogen nucleus. Such an 
event might be a grand catastro]')he with many tracks visible, or a 
set of four tracks, one for the new hydrogen particle, one for the re- 
coiling nucleus, one for the incident alpha particle, and one for the 
alpha particle afterward; or it might be a set of three tracks only, 
the alpha particle being absorbed with a new nucleus formed. It can 
be seen from Fig. 2 that there are only three tracks, those of the inci- 
dent particle, the new nucleus, and the hydrogen paiticle or proton. 
The helium and nitrogen combine in a nuclear reaction to form hydro- 
gen and a new nucleus. 

Now a little reasoning about this process shows us something about 
structure in the nucleus. Helium of mass 4 is joined to nitrogen of 
mass 14, and hydrogen of mass 1 is taken out. Helium has charge 2, 
nitrogen 7, and oxygen 8. Suppose, then, that the basic cause of 
nuclear charge is the content of protons, a simple suggestion. If true, 
however, there must be something in addition, for the nuclear mass 
is not 7 for nitrogen and 8 for oxygen but double those numbers or 
possibly even more. So this first experiment in transmutation, which 
tells us that there are protons in the nucleus, also requires more tlian 
protons. This added part was surmised by Rutherford and discovered 
by Chadwick in 1932 to be neutral particles, or neutrons, of mass very 
nearly the same as the mass of protons, but having no charge. 

The discovery of the neutron is a masterpiece of close reasoning 
combined with crucial experiment. It was discovered by Bothe and 
Becker in 1931 that the element beryllium when bombarded by alpha 
particles emitted penetrating radiation, Irene Curie and Frederic 
Joliot discovered that this radiation would interact with nuclei such 
as hydrogen and helium or even argon in a manner that required ex- 
ceedingly high energy for radiation of the character of x-rays. Since 
such high energy radiation was being revealed in cosmic radiation, 
it did not seem out of the question that the newly transmiitable nu- 
cleus could be emitting such cosmic rays. The catch was the fact 
that the energy as measured by hydrogen interactions was not too 
large, whereas the same radiation when interacting with argon seemed 
to be much more energetic. 

This difficulty was resolved by Chadwick who proposed that the 
penetrating properties of the new radiation were due not to its being 
like an x-ray, but to the fact that it consisted of neutral particles 
moving in a world of intense electric charge but wholly unaffected by 
the existence of charge. The penetration was due to the fact that the 
only influence felt by a neutral particle is that of the nucleus, and 
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tins is so tiny an object that collisions with it ate very rare. Chad- 
wick showed that tlic ncaitron liypotlicsis gave the same energy for 
interactions witl. liydrogen. helium, and argon; he then went further 
to the crucial experiment. If neutrons arc emitted in the same way 
as protons, tlien tlie energy of tiie neutrons depends on whetlier they 
arc emittcfl in tlie same threction as the incident alpha particle or 
of>posite to it. If tlicy are emitted in the same direction, the mo- 
mentum of tile alpliu particle will add to the momentum of the neu- 
tron; if opposite, there will he a reduction. Moreover, the exact value 
of the two energies can be calculatefl by (piitc oi'<linary billiaid-ball 
type of calculations. Therefore the energy of the hydrogen recoils 
siiould be definitely difl'crciit, according to whether the neutron is going 
with or against the alpha particles. What is more, the energy values 
shouhl agree with calculated \'alues. ( hadwick found that they did; 
and he jiroposed the existence of a neutron, a iirofoundly important 
fiiscovery. 

It has turned out that the three important building blocks of nature 
are the three elementary particles already mentioned: the proton, the 
neutron, and the electron. The proton is positively charged with the 
elementary unit of electric charge and has very nearly the mass of 
the hydrogen atom, namely, 1 .0 X 10“-^ gram. The neutron has 
practically the same mass but no charge at all. 'Phe electron has a 
negative unit charge and a small mass of apiiroximately 9 X 10 
gram. It is almost certain that these three particles are themselves 
special forms of a fundamental matrix of nature which we have not 
yet discovered. The use of high energy bombardment is showing 
that the nature of these three particles is considerably more complex 
than it seemed ten years agt). When the whole story is told it is 
likely that the complexity will yield to simplicity as it always has so 
far, but this assertion is iu)t backetl by proof as yet. In any event, 
for the very great majority of i>urpt>ses, wo can think of all matter 
as composed of these three particles. 

The particles alone arc not sufheient: there must be forces. The 
most familiar force, that between charged particles, the coulomb 
force, is well known. It is responsible tor tlu* whole of the external, 
i.e., chemical jiroperties ol the atom. sim]>ly on account the force 
between protons in the nucleus and electrons tnitsiile. This force 
causes the electrons to rotatt* in stable oibits as pre\'it>usly ilescribcil 
by Bohr, and the nature* ot the orbits (tt these electrons is respe^nsiblc 
for the chemical behavior of the atom. The other forces at work 
between elementary particles are not nearly under>tovHl. They ai'e 
exceedingly pe.werful. operate only ovor very small ilistances, and do 
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not appear simple for the adequate reason that as yet we do not 
know their cause. These forces operate between all nuclear particles, 
nearly, but not quite, equally. Since they are so potent, small dif- 
ferences in their nature have quite important consequences, as will 
be seen in a moment. 

With these three building blocks the nature of Rutherford’s pioneer 
experiment can be seen from Fig. 3. The nucleus of nitrogen is indi- 
cated as having seven protons 
and seven neutrons. The inci- 
dent alpha particle is shown, and 
the result is the oxygen nucleus, 
or isotope, having eight protons 
and nine neutrons, with the pro- 
ton detached. Such a process 
can be written as a kind of 
chemical reaction. 

sHe^ -h tN'-* + iH* 

The subscripts refer to the nu- 
clear charge or number of pro- 
tons; the superscripts refer to the 
nuclear mass or sum of neutrons 
and protons. Since the symbol 
for the chemical element really tells us the nuclear charge, subscripts 
are usually omitted. However, at first it is helpful to keep them in so 
that the reaction can be clearly comprehended. Note that the form 
of oxygen is unusual. The great majority of oxygen nuclei have 
eight protons and eight neutrons. However, some exist with nine 
and ten neutrons. 

Now for a short while we need to shift our attention to cosmology, 
the science of the nature of the universe. If this remarkable atomic 
nucleus is built up of neutrons and protons and they can attract one 
another to form stable combinations, what combinations will be 
found? There exists definite evidence that the universe started its 
present phase some three billion years ago and that when it was young 
the concentration of energy was great. In this grand free-for-all stage 
the average energy of each particle was enormous, and all kinds of 
combinations could be formed and broken. AVe can imagine therefore 
that every possible nuclear species was present at one time. On the 
other hand, at this late date, we have a strictly limited number of 
nuclei, at least here on earth. There must, therefore, be some in- 
herent reason why some nuclei are more stable than others. If we 



Fig. 3. Schematic representation of 
Rutherford’s original transmutation. 
The helium nucleus consisting of two 
protons and two neutrons combines 
with the nitrogen nucleus consisting of 
seven protons and seven neutron.s to 
form a rare isotope of oxygen consisting 
of eight protons and nine neutrons. \ 
fast single proton is also emitted. 
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think about it a bit we can see one simple reason which must operate. 
The forces between protons are a composite of attraction, due to the 
true nuclear forces, and repulsion, due to the coulomb forces. If we 
load a nucleus unduly with protons, the repulsion will begin to act 
unfavorably, and a nucleus of the same number of particles but fewer 
protons is more stable. This simple reason is certainly not all. Just 
as in the outer electronic structure of the atom there are rules which 
determine the difference between elements, so in the nucleus there 
must be some set of principles operating to make some nuclear com- 
binations strong and others w^eak. In the outer atom we know the 
structural rules: so far we do not know the principles operating in the 
nucleus. However, we find quite definitely that rules do operate and 
that there are more stable combinations and less stable ones. 

The short paragraph above is the key to understanding two big 
branches of nuclear physics: the release of nuclear energy, and arti- 
ficial radioactivity. The question arises as to wdicther the process 
of evolution from the early energetic times to the modern stable times 
has gone uniformly, or whether some combinations of neutrons and 
protons are present today whicli could be induced to change to others 
which are more stable. If the latter, then the excess of energy w*hich 


has been preserved from primordial times can be used by us. If this 
energy can be utilized to change still more atoms to more stable forms, 
then w’c have found a process by wdiich w’e can develop the sealed-in 

energy continuously until the supply of material which has not fully 

evolved has gone. Uranium and thorium represent such materials 
from which w’e can derive nuclear energy. This w^as achieved in the 
Chicago chain-reacting pile in 1942. 

The process of radioactivity is the last and feeblest method of nu- 
clear evolution. If a really wdld combination is made, such as silicon 
with fourteen protons and no neutrons, it will probably just blow" 
apart into several smaller units. If a tolerably wild form is made, 
such as magnesium of mass 28, it will possess so much excess energy 

that its first action w’ill be either of two things. Either it will split 

apart into smaller units, like two carbons of mass 14, or it will emit 


energy as radiation, leaving magnesium of mass 28 with no cnergj’ 
other than that appropriate to its nature. Now’ in either of these 
events, there is still another evolutionary process available. This 
piocess reveals the fact that tlie neutium and proton have some further 
stiuctinal feature, for it is possible ftu* a neutron to convert to a pro- 
ton, 01 vice versa, with the emission of an electron or a positive elec- 
tion as icquircd. This act of conversion can change nuclear constitu- 
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tion, so to speak, within itself. Thus carbon of mass 14 can become 
nitrogen of the same mass by changing a neutron to a proton and emit- 
ting an electron. INIagnesium of mass 28 has a rather more vigorous 
change to make but can do so in two stages, first by emitting an elec- 
tron and converting to aluminum of mass 28, and then by emitting a 
second electron to reach silicon of mass 28, which is stable. 

It may be expected that, if the process of evolution from early times 
has not been uniform, then perhaps some nuclei have been left which 
are still in the process of reaching ultimate stability and have accord- 
ingly not yet changed neutrons into protons. This is the case, and 
natural radioactivity, as discovered by Becquerel in 1895, is due to 
this fact. It may also be expected that bombardment of elements by 
alpha particles as initiated by Rutherford miglit create again some of 
the combinations which have long since disappeared in the progress 
of the universe. This also has proved to be true. Curie and Joliot 
in 1933 were able to produce by the reaction 

+ He^ n 

The has too many protons and changes one of them into a neutron 
with emission of a positive electron. Today several hundred artifi- 
cially radioactive nuclei are known. 

This simple semihistorical introduction presents the three salient 
facts of nuclear physics: first, the formation of nuclei by combination 
between neutrons and protons due to strong forces; second, the exist- 
ence of stable combinations of neutrons and protons due to reasons 
only partly understood; third, the ability of neutrons and protons 
to interconvert into one another with emission of electrons of some 
kind. We can now proceed to develop the subject. 
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Properties of Nuclear Radiations 


Before proceeding to describe the results of actual transmutation ex- 
periments, and at the risk of tantalizing the reader, we shall give a 
short account of the properties of nuclear radiations as a help for the 
later chapters. We also reproduce a plate showing the tracks of 
electrons, positrons, protons, alpha particles, and mesons photographed 
in a cloud chamber. The shrewd reader will at once note that the 
particle itself is never pictured but only what it does. The alpha 
particle and proton ionize very strongly; the electron and positron 
very weakly; mesons produce intermediate ionization. The neutron, 
neutrino, and quantum produce little or no ionization directly. 

Such a picturing of nuclear radiations serves the purpose of differ- 
entiating ionizing from non-ionizing radiations, but it is of no use 
unless coupled with a clear understanding of the nature of each radia- 
tion. AVe will therefore begin by subdividing the radiations into two 
categories, material and non-material. (Even this division is hard to 
make.) 

The material list is headed by the proton, the nucleus of a hydrogen 
atom, having a single positive charge equal to that of the electron 
(4.80 X 10-^“ esu), a mass of 1.660 X 10 “ gram, or on the scale of 
atomic weights, with neutral oxygen as exactly 16, a weight of 1.0076. 
The proton, like any heavy charged particle, possesses the remarkable 
feature of a well-defined path in any material. This total path is 
spoken of as its range, and the range varies with the energy of the 
proton very rapidly but according to no simple law. The ranges of 
protons of energies from 1 to 20 million electron volts (Mev) * are 

* The atomic physicist uses as an energy unit the energy acquired by an elec- 
tron in falling through a one-volt potential difference, and this is called one 
electron volt. One electron volt is 1.6 X 10“^^ erg. This can be compared with 
the chemist’s method of stating atomic or molecular energies, namely, in caloiies 
per mole. If the energj' of one electron volt is possessed by all the molecules 
in a gram-molecular weight (6.03 X 10^3), the resulting energy is 23,000 calories. 
Thus an electron volt per molecule is equivalent to 23,000 calories per mole. 
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given in Table 1 fp. 20). The definite range is a simple matter to ex- 
plain in a general way; a heavy charged particle loses on the average 
33 electron volts of its energy for every ion it produces and hence 
will produce very nearly the same number of ions for the same initial 
energy. Since a heavy particle is hardly deviated from its path (ex- 
cept by rare close collisions with nuclei) this constant amount of ion- 
ization means a constant distance traveled. The distance traversed is 
not simply related to the initial energy because a fast proton does not 
ionize so readily as a slow one. 

Second on the material list is the neutron. This is an uncharged 
particle, virtually equal in mass to the proton, though actually slightly 
heavier, being of atomic weight 1.00899. It produces no primary ioni- 
zation but may be detected by the fact that in collisions with charged 
nuclei it will impart energy to them and these secondary moving 


nuclei will ionize and be detectable. A neutron can, at best, give up 

all its energy to a hydrogen nucleus, giving rise to a proton whose 

range will measure the energy of the original neutron. Collisions with 

lieavy nuclei cause relatively little transfer of energy from neutron to 

nucleus: the amount can be calculated hv methods used in clementaiT 

« * 

impact problems. A useful figure to remember is that, on the average, 
a neutron retains 1/2.7 of its energy after a single collision with a 
hydrogen nucleus. Neutrons are unstable, passing into a proton and 
an electron after an average life of about 20 minutes. 

Neutrons and protons together comprise all nuclei, and hence com- 
binations of the two in all imaginable forms can be considered as 
nuclear particles. Of these, two will be selected for mention: the 
deuteron and the alpha particle. The deuteron is a proton plus a neu- 
tron held together by a strong force. Its imjiortance lies in the fact 
that it can readily be accelerated by a cyclotron and that it is a potent 
agent in causing transmutations. The alpha particle is a nucleus of 
helium, or two protons and two neutrons held together extremely 
tightly. It is also readily accelerated in a cyclotron to enormous 
encjgies and in addition is of interest since natural radioactive ele- 
ments emit alpha particles in amounts which just barely permitted 
the discovery of transmutations to be made. 

The third components of the material list are electrons, positive 
and negative. Of these, only the negative is permanent, the positive 
ultimately changes, giving birth to two quanta of gamma radiation, 
rhe electron is tlie fundamental atom of electrieitv; that its charge is 
labeled negative is pure accident. The mass of the electron is small 
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compared to the proton and neutron, being yi 84 () that of the i)rot()n. 
This small mass renders the properties of the electron considerably 
different from those of the proton, first, because it is easily deflected 
(or “scattered”) in collisions -with nuclei, thus causing its path to be 
tortuous; second, because it is less effective in disturbing the electrons 
in atoms, thus reducing the ionization per centimeter; and third, be- 
cause it is easily deflected in a magnetic field. The small mass of an 
electron also means that at high energies its velocity is very close to 
that of light and so, according to the theory of relativity, its mass is 
greater according to the relation 


and its kinetic energy is 



rriQ 

Vl - (v^/c^) 


Vl — (uVc^) 


where m — its new mass, 
mo = its “rest” mass. 

V = its velocity, 
c = the velocity of light. 


An electron from for example, having an energy of 12 Mev has a 
velocity of 0.999 that of light and a mass roughly 24 times its rest 
mass. This fact, of changing mass, must be remembered in making 
calculations about electrons and their motions. 

Positive electrons, or positrons, are similar to electrons in all re- 
spects but two, the sign of their charge and their longevity. Within 
a fraction of a second, a positron always disappears, if any material is 
near, and in its place two gamma quanta appear. There is a close 
relation between the frequency of the gamma-ray quantum and the 
rest mass of the positron, namely, 

mpc" = E = hv 


where E is the “energy” of the quantum, v its frequency, and h is 
Planck’s constant. This interesting relation will be discussed shortly. 

Of increasing significance in nuclear physics are mesons, or meso- 
trons. (The international conference to settle which of these words 
to use has not yet happened and it is largely a matter of taste. We 
prefer meson as it is shorter.) Mesons were discovered to be a com- 
ponent of cosmic radiation, produced in the earth’s atmosphere by a 
collision between the primary radiation of cosmic rays and some atom. 
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Mesons, wl.icli are positive and negative, have gradually become more 
definite, and a rapid step forward was made by Gardner and Lattes 
in 1948 wlien they discovered that one form of meson is emitted by 
nuclei under high energy alpha particle bombardment. Mesons have 
a very ephemeral existence. Of those best studied, the hea\ ier form, 
the TT meson of mass 286 electron masses, decays into m mesons in 10“® 


second if it is given a chance. Only the positive form is usually given 
a chance, for the negative is attracted into nuclei with such strength 
that so far its main effects are nuclear explosions, known as stars. The 
lighter form, the ^ meson of 198 electron masses, decays into an elec- 
tron in 2 X 10-^' second on tlic average. Pictures of these processes 
appear in the last cliapter, where a fuller discussion of these most in- 
teresting particles is given. 

There are possibly some neutral mesons, sometimes called nexitret- 
tos. The difficulty of studying the nature of charged mesons is already 


great, and the knowledge of neutral mesons will have to wait until the 
technique of high energy nuclear bombardment has progressed further. 
Very rapid expansion of our knowledge of all kinds of mesons can be 
predicted in the next few years. 

Mesons so far have not jdayed a dominant role in applied nuclear 
physics. They are undoubtedly concerned with the nature of nuclear 
forces and probably also with the process of radioactivity. How, has 
not yet been discovered. 

There are just two types of non-material nuclear radiation. The 
first is gamma radiation. This is generally classified as electromag- 
netic radiation of very short wavelength (and hence high frequency) 
so that officially one is expected to imagine gamma rays as trains of 
waves in which a varying electric and magnetic field is propagated 
through space. In actual fact tliis picture is considerably modified in 
nuclear physics. The frequency of the gamma rays is so high that 
their behavior is almost entirely understood by considering them as 
quanta of energy such that E — hv. This quantum of energy, like the 
neutron, is itself undetectable, but fortunately a gamma ray has three 
very strong methods of interaction with matter which make its detec- 
tion I datively simple. In the first place, a collision with an electron 
will project the electron in the original direction of the quantum ac- 
coiding to the ordinary rules of impact (the quantum being eonsidered 
to have a momentum hv/c, where c is the velocity of light). In this 
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way the electron can acquire enough energy to ionize and be detected. 
Also, the maximum energy of these projected electrons is a measure 
of the energy of the gamma-ray quantum striking them. This phe- 
nomenon, known as the Compton effect (the electrons are known as 
Compton recoils), is the most common method of interaction between 
gamma rays and matter. 

The second method of interaction is the photoelectric effect. The 
electric field of the gamma radiation produces a force on the electrons 
in an atom. While the electric field is there, a kind of ephemeral 
atom exists in which not all the electric field is of the usual atomic 
character. During this time there is therefore a chance that one of the 
electrons may change from a familiar bound condition (an atomic 
energy level) to some very different condition (external to the atom). 
When this occurs the quantum communicates all its energy to the 
electron, detaching it completely and giving it kinetic energy of motion 
equal to the original quantum energy less the energy of binding ot the 
electron in the atom, which is a small correction for these energetic 
quanta. Again the ionization produced by the electron is the sec- 
ondary effect which renders the detection of the gamma ray possible. 
This photoelectric effect accounts for less than one-fifth of the energy 
exchanges by an average gamma ray. 

The third method of interaction is the strangest and most interest- 
ing. It is known as pair production. A short account of this is worth 
while. It has been noticed already that the electrons emerging from 
nuclei move so rapidly that their mass changes in accordance with 
the theory of relativity. Now if we seek to apply the theory of rela- 
tivity to the motion of electrons we are bound by the requirement 
that, no matter what speed the coordinate system has, the laws of 
motion of the electron remain unchanged. This is a simple require- 
ment, but, when mathematical expressions including both the motion 
of the electron and the electric field are formulated, it is found that 
the equations contain two solutions for the kinetic energy of the elec- 
tron: one positive; the other negative. A moment's thought will show 
that negative kinetic energy does not mean anything that we actually 
observe, since the quantity Y^inv^ must automatically be positive, and 
this presented Dirac, the formulator of this theory, with a first-class 
dilemma. With unusual courage, Dirac retained his theory by pro- 
posing that these states of negative kinetic energy, though not ob- 
servable, still exist; they exist but are normally completely filled with 
electrons. Since all the possible conditions in which these negative 
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kinetic energy electrons can find tlieinselves are already satisfied by 
electrons, we can never detect any change in them and so do not 
notice their presence. This line of reasoning, however, does not affect 
a gamma ray, to which these electrons are no more than electrons and 
therefore capable of being influenced. By a process similar to the 
photoelectric cfl'ect the gamma ray may give energy to these electrons; 
and, if it docs, an electron in a state of negative kinetic energy may 
acquire enough positive kinetic energy to detach it from its state of 
negative kinetic energy and release it. Thus a negative electron would 
appear. At the same time there would be a hole in the completely 
filled states of negative kinetic energy, and this hole, or absence of an 
electron, will appear like a j>ositivc electron except that it will vanish 
when the hole is filled. 

The theory as simply outlined above lacks one important feature: 
we must include in the kinetic energy (whether positive or negative) 



Fin. 1. Indication of tlie process of pair formation. Tlie electromagnetic field 
of (lie gamma ray supplies enough energy to an electron in a state of negative 
kinetic energy to eject it, leaving a “hole” which behaves like an electron of 

positive cliarge. 

the term moc^ which corresponds to energy possessed by a particle 

in virtue of its mass alone. We can now picture all the electrons 

we wish to consider as in two hands, as drawn in Fig. 1. The 

process of pair formation is indicated schematically; notice that a pair 

cannot be formed unless the quantum has an energy greater than 
2moc-, wliich is almost exactly 1 j\Icv. 

The chscovory of tlic positron and of tlic process of pair formation 
was one of the most startling confirmations of one of the strangest 
theories m science. Pairs arc found only when quanta having an 
energy m excess of 1 Mev fall on matter; the chance of their formation 
increases with the quantum energy and also with the charge of the 
nucleus of the material from which they arc derived. Thus for 3-Mev 
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gamma rays impinging on lead, nearly one-half the energy lost by 
the gamma quanta is in the form of pair production. For aluminum 

the amount is much less, being only a few per cent. 

These three processes contribute to the absorption of gamma rays 
in matter. To screen out gamma rays one therefore needs an inch or 
two of a heavy element such as lead. This is in contrast to screening 
neutrons which requires careful design involving walls at least 3 feet 


thick, 10 feet being much safer. 

While the subject of pair production is still fresh, the reverse process 
of annihilation should be mentioned. This is the ultimate fate of 
every positron. The hole in the negative energy states becomes filled 
up by an electron from the positive energy states. This means that 
an amount of mass equal to two electron masses disappears, and since, 
if mass is annihilated some form of energy must appear, gamma radia- 
tion is evolved. This process must, however, also permit momentum 
to be conserved, and as there is no momentum to begin with, there 
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must be no momentum at the end, a 
condition which is realized by the in- 
genious process of producing two 
gamma rays of equal energy, moving 
in opposite directions. Thus when a 
positron is annihilated, two quanta, 
of energy each equivalent to moC^, 
are evolved. Thus any radioactive 
element which emits positrons also 
emits a secondary gamma ray, the 
annihilation radiation, whose energy 

is almost exactly 0.5 Mev. This phenomenon has also been observed, 
adding further confirmation to the theory for which Dirac received 


Absorption 

Fig. 2. Absorption curves for alpha, 
beta, and gamma rays an<i neutrons. 
Alpha and beta rays have a definite 
range ; gamma rays and neutrons 
are absorbed exponentially. 


the Nobel prize. 

The second non-material radiation is the neutrino. The neutrino 
is a particle which is supposed to share in the energy balance of a 
radioactive change; its rest mass is supposed to be zero, it is neutral, 
and its only possible detectable influence would be an ion pair every 
mile or so of its path. This is too small to observe. It occupies much 
the same sort of place in physics that the ether did in the nineteenth 
century — much talked about but never observed. A new theory may 
dispel the actual existence of the neutrino, which is hardly true of any 
of the other radiations yet discussed. 
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Before concluding this chapter a few odds and ends should be col- 
lected. The three terms alpha, beta, and gamma rays are applied, 
respectively, to helium nuclei, to electrons emerging from nuclei in 
radioactive transformations, and to quanta. They are in decreasing 
order of mass and in decreasing order of absorbability. Alpha and 
beta rays have definite ranges; they may be stopped completely by 
relatively small amounts of materials. Gamma rays, like neutrons, 
can only be diminished in numbers by absorbers, never wholly cut 
out. The three types of absorption curve are shown in Fig. 2. The 
beta rays emitted from a radioactive substance are not homogeneous 
in energy, yet a definite range is always observed. In Table 1 are 
shown the ranges for protons, deuterons, and ali)ha and beta rays of 
various energies. The thicknesses of materials actually traversed by 
these rays are so small that they cannot easily be measured directly. 
It is very simple to express tlie thickness as the mass per unit area 
of a given absorber, for then accurate weighing permits an accurate 
figure to be given. This procedure is universal in nuclear measure- 
ments, so much so that tlie authors find it easier to visualize a thick- 
ness stated in milligrams per square centimeter than directly in frac- 
tions of^ a millimeter. It has one other advantage; it is more directly 
related to the fundamental al)sorbing process — the number of electrons 
encountered — than the thickness, which may vary considerably from 
element to element for the same range ray. This variation in actual 
thickness is due t{) the varying density of the materials, a factor which 
does not appear if the absorjition is estimated by weighing. All the 
figures here given apply to aluminum as absorber. 


TABLE 1 

All Ranges in Milligrams i»eh SgoAUE Centimeter of Aluminum 

KricrRy (Mev) 0..'> 1 2 3 4 ,'i 7 9 1() 16 20 3t) 

Proton ranRe 1.3 3.6 10. « 19. (i 35.0 50.1 90.1 143.0 174.0 

Deuteron raiiRc 1.1 2.0 0.9 13.3 21.2 32.4 55.9 80.0 KH).0 205.0 348.0 720 0 

Alpha-particle raoRO 0.5 0.8 I.O 2.1 3.8 5.3 8.9 13,5 15.0 39.2 50.1 102 0 

Dcta-ray range 111 383 920 1470 2010 2050 


In this chapter we have described the products that can be emitted 
from nuclei, dividing them into two categories, material and non- 
material. The material includes protons, neutrons, positive and nega- 
tive electrons, and positive and negative mesons; the non-material, 


^ h /4-> S ^ ■ 
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quanta and neutrinos. The great game of composing matter must be 
played with these; whether any combination will work, once formed, 
depends on the laws of force which operate between the parts of the 
combination, and so on the wisdom of the choice of the constituents. 



3 - The Defection of Nuclear Particles 

— the intense atom glows 

A moment, then is quenched in a most cold repose. 


Withoxit exception, charge and speed are required for the detection of 
nuclear particles. Radiation or neutrons which possess no charge must 
be detected by secondary effects in which they cause charged, rapidly 
moving particles to appear. It is thus necessary to concentrate on the 
effects produced by fast charged particles in moving through matter in 
order to understand the means by which we detect nuclear products. 

Ionization 

To our ordinary senses, matter, even a rarefied gas, appears con- 
tinuous. Tliis continuity is one of the most troublesome optical illu- 
sions there is. Had nature ordered things so that our eyes would focus 
x-rays it is likely that all modern physics would have been classical 
physics early in the nineteenth century and the mysteries of the atom 
would seem today as trite as Boyle’s law. As it is, we have had to 
wait until experimental technique has enabled us to see how we must 
exert our imagination to appreciate the true nature of matter, flatter 
is mostly emptiness. Even in a solid the centers of the atoms are 
separated by distances a million times greater than the atoms them- 
selves. The seeming impenetrability of a solid is due solely to the 
extremely powerful forces exerted by the charged atoms in the solid 
as soon as other charged atoms (in some foreign piece of matter such 
as our fist) arc brought sufficiently near. If for an instant electrical 
chaige were abolished in a championship bout the contestants would 
readily pass right through each other in ghostly fashion. This being 
so, a small, rapidly moving charge will be able to penetrate matter 

and, roughly speaking, it will find interference only in the electrical 
attractions or repulsions which it experiences. 

In Fig. 1 a picture representing the passage of an electron through 
a gas IS drawn. The electron enters at the lower left and passes near 
atom A. Although this atom is, in toto, electrically neutral, the outer 
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portion, consisting of planetary electrons, is negatively charged, and 
can shift with respect to the nucleus. When this shift occurs an at- 
tractive force is exerted on the moving electron. The moving electron 
is deflected while atom A recoils as indicated. The same is true in a 
varying degree for other atoms such as 5 and (7, and in each such en- 
counter the moving electron imparts momentum to atoms in the gas, 
momentum which is lost from its own motion. In this way the moving 
electron could be brought to rest and would leave in its track a host 
of moving atoms. 

Unfortunately such moving atoms, produced in so-called elastic col- 
lisions, are not readily detectable; if this process alone w'ere taking 
place our knowledge of nuclear physics 
would be very slight. It may happen, 
however, that a very close encounter 
with an atom takes place, in which 
event there is an extremely powerful 
repulsion between the moving electron 
and the atomic or bound electron, which 
may receive sufficient momentum to 
dislodge it from the atom, a process 
known as ionization. Such a procedure 
changes the condition of the atom en- 
countered, requires temporarily the ab- 
sorption of energy, and is known as an 
inelastic collision. These inelastic col- 
lisions which result in ionization afford 
the means by which the detection of 
nuclear charged particles is effected. It is found experimentally that a 
swiftly moving electron produces approximately one ionized atom for 
each 33 electron volts it possesses, w^hich means that an electron of 
1,000,000 electron volts energy wdll, before it is stopped completely, 
produce 30,000 ionized atoms. Since the ejected electron automatically 
leaves a positive residue, each ionization process gives two ions, or an 
ion pair, and hence an average electron moving wdth an energy char- 
acteristic of nuclear processes can produce 30,000 ion pairs. 

These 60,000 charges are something w^e can hope to detect. It re- 
mains to consider the most expedient methods. 

Direct electrometer detection 

Before taking a look at the sensitive instruments w’ith w'hich the 
physicist is equipped to measure small electrical quantities let us ex- 



Fig. 1. Path of an electron 
showing repulsion when near 
electrons in atoms and indicat- 
ing the recoiling atoms. At A, 
B, and C the collision is elastic; 
at D an electron is detached 
from its atom, and an inelastic 
collision, here resulting in ioni- 
zation, takes place. 
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press 60,000 ion pairs in electrical units. Each ion has a single elec- 
tronic charge of 4.8 X 10““* esu or 1.6 X 10“*** coulomb, so that the 
total is 2.8 Xl0“** esu or 9.6 X 10“*** coulomb. One glance at these 
figures tells the physicist that he requires instruments of very great 
sensitivity. Let us briefly survey the available instruments. The first 
is the galvanometer; it can be designed to have a current sensitivity 
of 10“ *2 ampere or a quantity sensitivity of 10“*** coulomb. Un- 



Fia. 2. Schematic diagram of ionization chamber and electrometer used for the 
detection of single fa^^t nuclear particles. A is the ionization chamber with an 
insulated central electrode. Battery B causes the positive ions produced by the 
incoming fast nuclear particle c to be driven to the electrode and raise the 
potential of the movable vane B which is suspended by a fiber above the plates 
F and F'. This rise in potential causes the vane B to move. 


aided, therefore, it is quite useless. The second is the electrometer. 
This can be made to have a sensitivity of 10-= volt per division with 
a capacity of 10- ” farad. The charge it could detect, then, is 10-*“ 
coulomb, and it is thus possible to detect the charge produced by an 
electron m ionizing a gas direc/h/ by moans of a sensitive electrometer. 
In practice this method, though by far the simplest in principle, is 
not used for reasons to be given later in the chapter, but ns it shows 
most simply the general arrangement of nuclear detecting apparatus 
a diagram is given of an electrometer applied to detect single electrons. 

the ‘V T" Fig- 2. The electron enters 

lon 7 ** to form. The ioniza- 

tion chamber contains two electrodes (in this instance the outer case 

nbo l7 '""7 k ^-''icl* an electric field is ap- 

stance A. The ions formed by the fast electron are separated by 
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the electric field, and the plus ions are driven to the central electrode 
whose potential rises when it receives the charge. The central elec- 
trode is connected to a movable vane E supported by a thin conduct- 
ing fiber. This vane is suspended above two plates F and F', which 
are maintained at positive and negative potentials by a battery, and 
normally the vane takes up an equilibrium position between F and F', 
depending on its own potential, the potentials of F and F', and the 
twist in the fiber. As soon as the potential of E is changed the equilib- 
rium is disturbed and the vane swings around, its motion being ob- 
served by a mirror attached to it and a reflected beam of light. The 
dotted lines indicate metal casing which is used to shield all leads 
connected to the electrometer as the pulses caused by starting currents 
and so on around the laboratory can easily induce a potential of 0.01 
volt, which is a hundred times larger than the effect to be observed. 
Screening by metal casing diminishes this “pick-up.* This instru- 
ment is the “duant” electrometer, designed by HolTmann and used in 
several important nuclear investigations. Attention should be given 
to the A-B-X section of the apparatus. The combination of a field 
driving a charge on to an electrode which is insulated except for a 
very high resistance is, in one or another variation, extremely common 
practice. 

The reason for the infrequent choice of this method of detection 
lies in the electrometer, which is far from rugged and requires skill 
and experience to set up and keep operating. Since the fiber has to 
be exceedingly thin, the vane must move very slowly; this means that 
the period of the electrometer is long so that several seconds must 
elapse between the detections of charged particles. If our available 
source of fast electrons is strong so that we are never required to 
detect less than about a thousand incoming electrons per second, then 
the electroscope, which is much simpler and more rugged, can be used. 

Almost everyone is familiar with the ordinary gold-leaf electroscope. 
Not everyone is aware that it has played a major role in the study of 
radioactivity. If a gold-leaf electroscope is charged, so that the leaves 
diverge, it will remain in that condition almost indefinitely. But if 
the space near the leaves is ionized the ions in the air are attracted 
to the charged leaves and in this way tend to neutralize their charge 
and cause the leaves to collapse. The leaves may be observed through 
a microscope of low magnification with a scale in the eyepiece and the 
rate of collapse of the leaves measured in terms of divisions on the 
scale per minute; this rate is a measure of the ionization current. The 
ionization current, in turn, is a measure of the number of incoming 
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electrons. This extremely simple device has probably turned out as 
much nuclear research data as any other instrument. It can be made 
reasonably sensitive by having very thin gold leaves, or more gen- 
erally by using a single leaf which is repelled away from a fixed sup- 
jjort. It does not have a linear scale, but if the timing is always car- 
ried out over the same positions of the gold leaf then it is certain that 
tlie same amount of charge has been neutralized and the differing times 
indicate the relative currents. If necessary an electroscope can be 
calibrated so as to read a current in amperes, but this is seldom neces- 
sary because it is nearly always better to compare one radioactive 
source with a standard source. 

The Lauritsen electroscope 

The advantages of the simplicity of the gold-leaf electroscope are 
retained and the advantage of greater sensitivity is added in a beauti- 
fully simple quartz-fiber electroscope designed by Lauritsen. In the 
gold-leaf electroscope the force opposing deflection of the leaves is 
gravitation; in the Lauritsen electroscope the moving fiber is so thin 
and light that gravitation exerts virtually no effect on it. In place 
of gravitation as the restoring force the clastic force in the quartz is 
utilized; this is advantageous because it is possible to find an arrange- 
ment which will give a much more nearly linear scale for the instru- 
ment. The electroscope is illustrated schematically in Fig. 3. The 
heart of the instrument is shown in the small diagram (a). It consists 
of a small metal frame shaped as shown, with a quartz fiber (which 
has gold sputtered on it to render it conducting) attached to it as 
indicated. The end of this fiber would be hard to see, so a little T 
is made on the end by fastening a short piece of quartz fiber, indi- 
catctl in the diagram by the dot. The T is in a plane perpendicular 
to the paper. If this whole system is insulated by amber and a 
charge given to it the repulsive force between like charges will cause 
the fiber to bend away fnun the metal support. The presence of ions 
in the neighborhood will cause the neutralization of the charge and 
a return of the fiber to its original position. As the length of the fiber 
is only about 6 mm, an extremely small charge is sufficient to cause 
considerable deflection. Kven so, this would be hard to see, so a micro- 
scope with a magnification of about 50 is used to view the fiber as 
illustrated in the main diagram. To charge the clectroscc>pe a poten- 
tial IS applied to the frame by pushing tlie spring contact S which is 
attached to a source of about 100 volts, cither from batteries or from 
a vacuum-tube rectifier. Both the leads to 5 should include resist- 
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ances of about 100,000 ohms to prevent any heavy currents from 
flowing if the fiber is out of place for any reason and is shorting to 
ground. The image of the T is made to coincide with the scale at D, 
and the passage of this image over the scale is recorded. In spite of 
the delicacy of the fiber, the instrument is remarkably rugged. This 
is because the fiber has almost no inertia and so experiences little 
force unless disturbed by air currents. The case effectively prevents 
these from being present, and the whole instrument can be cairied 




Fig. 3. The Lauritsen electroscope, (a) The detail of the metal frame and 
quartz fiber which is repelled from the frame when both are charged. Ionization 
in the space near this frame causes discharge of the frame and fiber and so a 
return to normal at a rate which measures the ionization current. The fiber is 
observed by a microscope, the illumination being through the ground-glass 

window ir. 

around with no more than sensible care. If it is necessary to adjust 
the fiber when the instrument is installed, the adjustments should be 
made with a handkerchief over the nose to prevent air currents. For 
the same reason the electroscope should be installed in some location 
where the temperature is reasonably uniform as convection cui rents 
may make the T ride off the scale. The most likely sources of tem- 
perature irregularities are the light used to illuminate the fiber, and 
the vacuum-tube rectifier. These must be kept at a little distance 
from the instrument. The scale is nearly but not quite linear, it is 
still necessary to carry out the timing over the same scale divisions at 
each observation. The sensitivity is such that a millicurie at a dis- 
tance of a meter produces a motion of about five scale divisions per 
minute, and the background in the absence of radiation is about the 
same number of divisions per hour. If time is available it is possible 
to detect as few as ten electrons per minute. 
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Application of vacuum tubes: the "linear amplifier" 

If we return to our survey of physical apparatus available to detect 
the ionization produced by a swiftly moving particle we find that we 
have to consider the vacuum tube. It proves to be a potent aid. The 
vacuum tube has the tremendous advantage of utilizing atomic par- 
ticles themselves to detect the ionization due to other atomic particles. 
A stream of electrons is virtually without inertia and hence extremely 
susceptible to any electrical influence. It is fundamentally this fact 
which has made the vacuum tube practically indispensable in detect- 
ing small amounts of radiation. 

Consider the circuit of Fig. 4. Here the ionization chamber, bat- 
tery, and high resistance are the same as before, but in place of the 





I'KJ. i. Vacmini-tubo and ionization-chambor arrangement. The rise in potential 
of the central electrode is communicated to the grid G of the triode, causing a 
<’h;mgc in the plate current and lienee a relatively large potential difference 

across the plate resistance R. 


electrometer the grid of a triode is connected to the central electrode. 
As before, the collection of charge on tlic central electrode causes a 
rise in its potential and hence a rise of the potential of the grid of the 
\acuum tube. This causes an incrcaseil flow of electrons produced in 
the cathode C to the plate P and from there through a resistance to 
the plate battery. The ionization chamber thus effects control of a 
separate electron stream, and with a well-designed triode the potential 
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difference produced across R by the momentary surge of electrons to 
the plate can be twenty or thirty times as great as the initial rise of 
potential of the grid. This potential difference could be used to oper- 
ate a relatively insensitive electrometer, but in practice it is far better 
to apply it to a second vacuum tube, and so on, until the amplifica- 
tion of the initial pulse is a hundred thousandfold. The voltage so 
produced at the output is then 10 volts or so and may be detected 
in almost any way we please, for example by listening to the “cracks 
in a loud speaker or observing the deflections of a cathode-ray oscillo- 
scope. This is the method of the “linear amplifier,” widely used in 
research in pure nuclear physics. Such an amplifier is not easy to 
operate, though far more rugged than an electrometer, and even though 
it affords the best method of detecting the primary ionization of a 
proton or alpha particle it is still not the best method for ordinary use. 

In fact, careful consideration shows that it is best to change the events 
in the ionization cha^nher to secure the simplest means of detecting the 
ionization due to a single particle. 

The proportional counter 

Returning to our picture of an electron moving past a series of 
atoms and occasionally “knocking off” other electrons in its flight, 
thus causing ionization, let us consider the fate of these freshly de- 
tached electrons. In the absence of a strong driving force — an electric 
field— they will drift around until they encounter a positive ion with 
which they recombine to form a neutral stable atom, and that con- 
cludes the adventure. This may be drastically altered if a strong 
electric field is imposed on the electrons, for then they will immedi- 
ately be accelerated and in a strong enough field may acquire so great 
a speed before an encounter with a neutral atom that they can in their 
turn produce ionization. Notice that the farther they go before meet- 
ing an atom the better is this chance, for they gain speed continually 
until checked by meeting another atom. Now this ability to ionize 
will also be possessed by the electron detached in the ionization proc- 
ess, and so on, a very rapid accumulation of electrons taking place, - 
which can reach a thousandfold greater number than the initial ioniza- 
tion. This process of ionization by collision is exactly what we have 
been seeking, for by using it skillfully we can increase the initial 
charge to be detected by a factor of as much as a thousand, thus 
reducing the amount of amplification required from a vacuum-tube 
amplifier to the point where a simple, stable, easily constructed ampli- 
fier will suffice for the detection of the incoming electron. 
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A circuit is shown in Fig. 5 which will detect single fast electrons 
very readily. The very strong field is produced in the neighborhood 
of a fine wire. The initial electrons are pushed toward the wire by the 
negative field, and, if they arrive there before they have recombined 
(as tiiey will in a high field), they produce ions by collision near the 
wire and consequently a multiplication of charge collected by the wire. 



Fig. 5. Proportional counter with amplifier. A fine wire is stretched axially in a 
cylinder to which is applied a hij;h negative voltage. The electric field near the 
wire is so high that it causes ionization by collision, which multiplies the charge 
collected by tlic wire manyfold and renders a two-stage amplifier sufficient to 

operate an oscilloscope. 

This multiplication of charge is called “gas amplification.” A simple 
two-stage amplifier is sufficient to operate an oscilloscope. If the 
space around the wire is partially evacuated, the distance between 
atoms is increased and the process of ionization by collision can be 
made to occur for a lower applied voltage.* 

This is frequently tione. Such a device is known as a proportional 
counter, so called because the charge collected hy W is roughly pro- 
portional to the initial ionization. It is excellent for detecting alpha 

♦The diagrams are for purposes of explanation only. For actual construction 
the references at the ciul of the chapter sliould be eonsultcd. 
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particles and protons. A modification, due originally to Rutherford 
and Geiger and known as the Geiger counter^ or, sometimes, in honor 
of a later developer, the Geiger-Muller counter, however, supersedes 
it for detecting electrons. Historically the Geiger counter was devised 
before the proportional counter, but as it is rather more complex it is 
better to consider it later. The Geiger counter calls on more than 
the process of ionization by collision; it utilizes some of the phenomena 
of the discharge. The proportional counter will count at higher rates 

than a Geiger counter. 

The Geiger-MuMer counter 

If it were true that no available electrons resided in the metal wire 
or metal case, then no matter how high the field applied {within some 
limits) there would never be more than a momentary rush of ioniza- 
tion following the arrival of the electron. This is not true, ho^^ever. 
All conductors contain .electrons, some of which can be extracted in 
various ways. If these electrons are, for some reason, pulled into the 
gas, then they will ionize by collision and a continuous discharge will 
result, maintained by fresh electrons from the metal. There are vari- 
ous reasons for the attraction of electrons from metal to gas, one is 
the fact that, in the process of recombination which is always taking 
place, light is emitted. In the language of modern physics we refer 
to this light as a number of photons. These photons are able to cause 
the emission of photoelectrons from the surface of the counter wall, 
and these photoelectrons can then keep the discharge going. A second 
reason is the hitherto neglected positive ion, which is simply the rest 
of the atom after the electron has been ejected. These ions are heavy, 
move slowly, and hardly ionize at all; but when they approach a 
metal, at the moment before they make contact, they exert a great 
outward force on electrons in the metal and may pull out several be- 
fore being themselves absorbed by the metal. The nature of the sur- 
face has an effect on the number of electrons pulled out, no matter 
how the actual ejection is produced. If a sufficiently high field is ap- 
plied between the electrodes in the counter the emission of these elec- 
trons from the walls will cause a discharge which will continue perma- 
nently so long as the voltage across the tube is kept there. 

It is thus easy to see that, if a single electron arrives in a gas across 
which a very high field is maintained, a discharge may result in which 
a very large flow of current may take place. The electron thus acts 
as a trigger which sets off the latent discharge. Obviously such a 
method of detection is exceedingly sensitive. The reader will at once. 
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however, inquire why the discharge should cease, and the consideration 
of this matter is of great importance in understanding the operation 
of tlie Geiger counter. 

If we suppose that the two electrodes are connected to a large source 
of power the discharge may well be maintained for an uncomfortably 
long time and would be quite dangerous. On the other hand, if we 
imagine that the two electrodes are first charged and then insulated 
before the “trigger” electron appears, the discharge will cease when 
the difference of potential between the two electrodes falls below that 

sufficient to cause a discharge. To 
make the counter sensitive again will 
now require the repetition of the 
charging and insulating process, which 
is obviously too elaborate. If some 
compromise between the dangerous 
maintained discharge and the self- 
ceasing discharge could be reached 
then the phenomenon of the discharge 
could be utilized in the detection of 
ionization. 

In the Geiger-Muller counter a high 
resistance (about 10” ohms) is placed 
in the return to the high voltage as 
shown in Fig. 6. The entrance of an 
electron then precipitates a discharge, but the resulting current must 
flow through R and in so doing sets up a fall of potential across 
R which greatly reduces the potential across the counter A and 
shortly extinguishes the discliarge. The counter then gradually re- 
sumes its former condition of high tension and is ready to discharge 
on the arrival of a second electron. It can be seen that the high 
resistance fulfills the purpose of compromise as mentioned in the last 
paragraph and also ensures the automatic charging of the two elec- 
trodes so that the counter is in readiness for the next arrival.. This 
automatic charging is not infinitely rapid, and a counter which em- 
ploys a large series resistance will take a long time to recover after it 
has operated and so will only count slowly. This fact should be re- 
membered when the operation of counters in conjunction wdth vacuum 
tubes is discussed a little later. 

Since tlic potential of A is determined by the battery or power sup- 
ply it is deal that the potential of the wire must change considerably 
in the above operation. In fact it changes by amounts varying be- 




To ele ctrometer 
or vacuum tube 


R 


Fio. 6. Geiger counter circuit. 
There is a very high field between 
the cylinder and the wire of the 
counter A. An entering electron 
precipitates a discharge which 
causes current to flow in the high 
resistance R until the fall of po- 
tential across R reduces the po- 
tential across A to a point where 
the discharge extinguishes. 
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tween a few and a few hundred volts. The change in potential can 
easily be detected directly with a cathode-ray oscilloscope, or it inay 
be converted into a current pulse by means of a vacuum-tube aniplifier 
and detected by a counting circuit of the kind to be described la er 
Usually a single-stage amplifier can be used, which as often as not 
need not be shielded from electrical disturbances as the pulse supplied 
by the counter is so great that it appears very clearly above any dis- 

The method of “quenching” the discharge is not always the same. 
Quite commonly a counter is filled with a mixture of gases, one of 
which is an organic vapor. This organic vapor is chosen so that it 
can absorb energy and dissociate. This process cuts down the number 
of photons in the discharge and acts to quench it. In time the organic 
vapor becomes used up, which is a disad- 
vantage. About 108 counts can usually be 
made before this happens. In organic vapor 
counters the function of the resistance R is 
not quite the same and may actually be 
needed to maintain the discharge longer. Yig. 7. Common design of 

It is in place here to discuss the practical Geiger counter. 

side of Geiger-counter construction. Prob- 
ably no apparatus in modern physics has had more study from t le 

technical side or appeared in more diverse successful forms than 
the Geiger counter. At the Massachusetts Institute of Technology 
the visitor is shown a Geiger counter consisting of a fork and spoon 
in a partially evacuated space. It works! On the other hand the 
reader may well intentionedly make up a Geiger counter after the 
best instructions and fail to make it work. The authors would like 
to meet the counter expert who has not at some time in his career 
found he has constructed a “lemon.” This is, however, too much of 
an aside. In practice the high field near a wire is almost universally 

employed in counter construction. 

In Fig. 7 is shown the commonest form of a Geiger counter. A 
tungsten wire (from 1 to 10 mils) is stretched by a tungsten spring at 
one end and sealed along the axis of a glass tube which also contains a 
thin copper cylinder with a connector sealed into the glass. The glass 
envelope is attached to a pumping system after the contents have 
been thoroughly cleaned with soap and water and dilute nitric acid. 
The counter is then pumped out to a very low pressure with a diffusion 
pump system, and while on the pumps it is heated to outgas the metal 
surface. A little air can now be admitted and the heating continued 
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to oxidize the copper slightly; the counter is again pumped out and 
then filled with the gas mixture chosen. Argon and oxygen is one 
favorite recipe, about 8 to 1 in that order, at about 5 to 10 cm of mer- 
cury pressure. Self-cjuenching counters made of argon and alcohol 
in the same proportions are very satisfactory. It is important to avoid 
the use of any quenching compound which will react, however slowly, 
with the materials in the counter, for then the behavior of the counter 


changes with time. To set the counter in operation it is attached to 

a detection system and to a source of variable 



Voltage 

Fio. 8. Graph ropresent- 
ing the mimbcr of counts 
observed when the volt- 


high potential. A source of radiation is then 
brought near, for example a piece of uranium 
glass or a luminous clock face, and the voltage 
is gradually increased until the counter begins 
to count. With counters about 2 cm in diam- 
eter and a wire of 10-mil tungsten, at a gas 
pressure of 8 cm argon and oxygen, the count- 
ing voltage is about a thousand. These figures 
arc only approximate; in fact, this whole ac- 


ago on a Goigor counter count of the construction of a Geiger counter 
is increased. There is a jg included more to give the reader an idea of 
definite starting poten- procedure involved than to act as a guide 

the number counted actual construction. References for this are 
tlien a plateau, which given at the end of the chapter. 


mean.s that as the volt- 
age i.s increased there is 
ver>' little change in the 
counting rate. After this 
there is a second rise. 


If a counter is filled and sealed and made 
to operate it is very instructive to study the 
way in which the number of counts increases 
as the voltage on the counter is increased. 


Most counters behave as represented by Fig. 
8. In this a graph of counts versus applied voltage is plotted for 
a counter exposed to a constant source of radiation. It can be seen 
that a certain starting voltage is needed before any counts at all arc 
obtained, after which there is a steady increase in the number of 
counts until a more or less flat region, called the plateau, is reached. 
This plateau can be as broad as several hundred volts or may be 
entirely absent. Its extent depends on the value of the quench- 
ing resistance; it is generally larger when the quenching is done by 
vacuum-tube circuits. After the plateau there is a further rise, gen- 
erally accompanied by a rise in the “background'’ count. This back- 
ground count IS due to cosmic rays and to spontaneous discharges, pos- 
sibly caused by light. It is obviously advantageous to operate on the 
plateau, for then variations in the applied voltage are not important. 



THE GEIGER-MULLER COUNTER 


35 


A most useful form of counter is shown in Fig. 9. It consists of 
a metal cylinder, closed at one end with a Kovar wire glass seal * set 
in. A 5-mil tungsten wire is fastened to the insulated wire and the 
end of the wire carries a round glass bead. The end of the counter 
is closed by mica or aluminum. A side tube for filling is provided. 
Such a counter needs to be clean and free from dirt, particularly on 
the wire, and if filled with 8 cm of argon 
and 1 cm of alcohol will work practically 
every time at 800 volts with the Neher- 
Pickering quenching circuit. Under such 
conditions the counter has a short plateau 
of about 50 volts and operates excellently 

for counting beta rays. 

Counters, recording equipment, and 
monitoring equipment are now available 
commercially. A very handy guide to this 
new “nucleonic” industry is the Radiation 
Instrument Catalog compiled by the Radi- 
ation Instrument Branch of the Atomic 
Energy Commission. This should be con- 
sulted by anyone interested in setting up a 
radiation laboratory. 

The account just given of the operation 
of a Geiger counter assumes that every- 
thing is favorable. It would be leaving 
too rosy a picture if some of the difficulties 
were not mentioned. In the first place 
there is, particularly for the inexperienced, 
a considerable amount of trial and error 
about counter construction. Of three similar counters, one may 
completely fail to operate for no clear reason. If, however, one 
thinks of the manner of operation of the counter this behavior is to 
be expected to some extent, for the counter must be such that it will 
discharge at a certain voltage when “tripped” by an entering electron 
and yet extinguish when the applied voltage falls by a hundred volts 
or so. Since the nature of the discharge in the counter depends greatly 
on the surface of the electrodes any dirt may or may not change the 
behavior of the counter in a radical way. Moreover, the gas used 
for filling plays an important role and must be chosen with care. 

* Available from the Stupakoff Co., Latrobe, Pa. 



ir is of 6-mil tungsten with 
a small glass bead at the 
end. 8 is a metal-to-glass 
seal for insulation. A mica 
foil F is waxed onto the end 
with red sealing wax. Such a 
counter, used with a quench- 
ing circuit, has a plateau 
about 70 volts wide. 
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There is, therefore, in the author’s opinion, no infallible set of rules 
which when followed will guarantee perfect operation of a counter; 
the proof of the pudding is emphatically in the eating. Preparation 
of Geiger counters is about on a par with cooking a meal; experience 
makes a difference. Once a counter is found which operates satisfac- 
torily and does not contain reactive organic vapors and has no leak, 

it will continue to operate indefinitely. 
In several laboratories as many as 
fifty counters are in operation at one 
time, giving no trouble, so that they 
arc not uncontrollably temperamental. 

The background count of a counter 
generally dei)ends on the area of the 
electrode. About 1 per minute per 
square centimeter of surface is not a 
bad guess for most counters. It can 
be reduced by a factor of 2 by 2 inches 
of lead shielding. 

Vacuum-tube control of Geiger 
counters 

A very common device to quench a 
counter is to employ a vacuum tube. 
Many such devices exist. All utilize 
the fact that a vacuum tube can act 
as a rajiid switch which can be actu- 
ated by the voltage change on the 
wire of the counter. For most pur- 
poses it is desirable to have the 
counter wire at high voltage and the 
cathode at ground. A switch which 
liermits this and acts to break the 
high-voltage circuit is shown in Fig. 
10. The high-gain pentode is in series with the high-voltage supply, 
and the arrival of electrons on the counter wire drives the tube to 
cutoff and stops the discharge. This circuit is due to Neher and 
Pickering and is called the Neher-Pickering circuit. 

The fact that the Neher-Pickering eircuit permits the cylinder to 
be siounded brings up an important technical point about counter 
operation in general. If the cylinder is not grounded the contact of 


+ 800 V or so 



Fio. 10. Schematic quoncliinK cir- 
cuit. The pentode carries the 
luKh voltage to tlie counter wire. 
When the discharge starts the grid 
voltage downward, owing to the 
arrival of electrons the pentode 
cea.ses to pass current and tlie 
discharge is quenched. This is 
(he Ncher-Pickcring circuit. It 
operates with the counter case 

grounded. 
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bodies at differing potentials with the glass case will induce potentials 
on the wire which may be sufficient to operate the recording mecha- 
nism. Thus, if a counter is connected so that the negative voltage is 
applied to the cylinder and a liquid is flowed around the counter, it 
will often be found that spurious counts will occur as the liquid is 
poured on, even after things should have settled down. If, however, 
the cylinder is at ground potential it acts to shield the wire and sucli 
spurious counts will be avoided. This is a small point, but the authors 
have known its neglect to waste much time. 

ScintMlation counters 

A curious turn of the wheel has brought scintillation counters into 
great prominence. Much of the early work in nuclear physics was 
done by the observation of zinc sulfide crystals containing a slight 
contaminant of copper. Such a technique had to produce enough light 
to be seen in a microscope, and the small number of quanta produced 
made counting very laborious indeed. The advent of the photo multi- 
plier tube, which is sensitive to one photon, has changed this. Kail- 
man discovered that naphthalene and anthracene crystals produce and 
transmit light which will excite a photocathode when ionizing radia- 
tions enter. Phenanthrene, sodium and potassium iodide, calcium 
tungstate, stilbene, and polystyrene are additional substances which 
are suitable for this purpose. 

A scintillation counter using naphthalene is shown diagrammatically 
in Fig. 11. It is exceedingly simple to operate and, thanks to the 
availability of photomultiplier tubes all packaged ready for use, is 
perhaps the easiest counter of all to make work. The action is as fol- 
lows: The charged particle, in ploughing through the naphthalene, ion- 
izes many atoms and of course breaks many chemical bonds. A fair 
fraction of the recovery process after this devastation takes the form 
of the return of electrons to atoms with the attendant emission of 
light. For naphthalene this light is mostly of wavelength 3450 A; for 
anthracene, 4440 A. This light produces one or more electrons in the 
sensitive cathode of the photomultiplier. These electrons are ac- 
celerated by a voltage of about 80 volts to the next electrode whose 
surface is such that each 80-volt electron produces several slow elec- 
trons. These are in turn accelerated to the next electrode and so on 
until a considerable avalanche reaches the last electrode and a readily 
measurable current pulse is produced. 
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The great disadvantage of these counters is thermal “noise which 
produces a background count of the order of thousands per minute. 
To reduce this the tube can bo cooled witli a block of dry ice. To 
some extent tlie great sensitivity of the counter makes up for this 

high backgr(nind. 

Such counters have four very solid advantages. First, they can 
operate in a vacuum, tims eliminating troublesome thin foil technique; 



Fio. 11. Crystal, photomultiplier, and preamplifier circuit for a scintillation 
counter. The photo tube, shown in the insert, must be entirely shielded elec- 
trically by aluminum foil and from light by black friction tape. The backgroxmd 
is reduced if the tube is held in a cardboard box filled with dry ice. 

second, they deliver a pulse which is roughly proportional to the 
ionization entering, thus affording a means of distinguishing between 
kinds of radiation, something a Geiger counter cannot do; third, they 
can be made of considerable thickness and this, as will be seen later, 
renders them highly sensitive to gamma radiation; finally, such count- 
ers appear to act very rapidly so that response times of the order of 
2 X second are possible. It is therefore not surprising that much 
active research has gone into scintillation counting. 

It is possible to reduce the background “noise” in the photomulti- 
plier by using two phototubes to look at the same crystal. The noise 
pulses are random and not related wliile both tubes see the flash of 
light wliich accordingly actuates the coincidence circuit. This tech- 
nique is elaborate but straightforward and is very promising. 
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Recording equipment 

Up to the present no word has been said about actual recording. 
For simple counting with relatively weak sources a thyratron recorder 
using a gas-filled 884 or 2050 tube is often employed. The thyratron 
is a three-electrode gas-filled tube which has a potential of 200 volts 
or so applied to its plate. If the grid is kept at a negative potential 
greater than roughly one-tenth of the plate potential there will be no 
discharge in the gas, or in other words the thyratron will not “fire.” 
If, however, a positive pulse is put on the grid a discharge starts which 
is maintained by the power supply connected to the plate and which 
does not cease after the pulse has passed. The current passed by the 
thyratron depends on the nature of the tube and on the resistance in 
the plate circuit, but for the 8S4-type tube it is between 20 and 200 
milliamperes in ordinary use. This is adequate to operate a high- 
impedance mechanical recorder or relay. The only problem is to ex- 
tinguish the discharge in the thyratron after the pulse has been re- 
corded. This cannot be done by the grid; it is necessary to bring the 
voltage drop between the plate of the thyratron and the cathode to 
less than that necessary to maintain the discharge, whereupon the tube 
ceases to fire and is once more under the control of the grid. One 
obvious way to cause this voltage drop is to make the recording 
mechanism break the plate circuit, and this can be done. It turns out 
to be rather unreliable, particularly for fast counting, and the method 
universally used is to short-circuit the tube by means of a condenser. 

A simple circuit for this is shown in Fig. 12a. The pulse is applied 
through the input condenser to the grid of the thyratron, which fires. 
The act of firing causes the condenser C to discharge and the potential 
of the point P to fall below the voltage necessary to maintain the dis- 
charge. The thyratron then is extinguished and is ready for operation 
by a fresh pulse applied to the grid. It is possible to make the opera- 
tion a little more certain if an inductance is inserted between the points 
A and B. This inductance, together with C, forms a series oscillatory 
circuit and so causes the potential of P to go below zero, thus making 
sure that the thyratron is extinguished. If it happens that the thyra- 
tron readily extinguishes but the recorder does not operate, a resist- 
ance of a few thousand ohms placed between A and B will slow down 
the fall of potential of P and permit the discharge to continue longer 
and so operate the mechanism. 

The authors have found a rather more elaborate circuit suggested 
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,,V Schultz to be very satisfactory. The actual - 

l,v a 6V6 tube whicii provides the ireeessary current. The 6V6 rs, 
l,owever, controlled by a preceding circuit which produces a flat- 
toppcfl pulse of variable width. This circuit is in turn triggered by 


Mechanical counter 




Fic. 12. McUiods of nctnaling a mechanical counter. Fig. 12(7 shows a thyratron 
used for this purpose; Fig. 12h shows a more elaborate circuit in which the 
counter is operated by tlie c\irr('nt from a pentode wliich is turned on by a pulse 

(h'livcrcd from a multivibrator circuit. 


the pulse delivered by the particle counter. The whole circuit is 
shown in Fig. 126. When a heavy counter such as a telephone mes- 
sage register has to be actuated a thyratron circuit as shown in Fig. 
12a is necessary because the current required is much higher. 

Such a recording circuit is almost instantaneous in action, and its 
speed is limited only by the mechanical counter. For speeds of count- 
ing up to 300 per minute tliis simple circuit is adequate. Beyond that, 
various so-called scaling circuits must he used of which the simplest, 
the “scale of two’' circuit, is described below. 
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Scaling circuits 

The basis for many methods of handling large numbers of counts 
per second is the circuit shown in Fig. 13a. Because its operation in- 
volves only the control of the space charge in a vacuum tube as op- 



Fig. 13. “Scale of two” recorder. The circuit is statically the same for each tube 
but dynamically different in that the plate voltage of a tube which is conducting 
is lower than one which is not. The tube with higher plate voltage responds to 
the positive pulse applied to both. The current thus shifts from tube to tube 

at each applied pulse. 

posed to a discharge in a thyratron its action is exceedingly fast. 
Counting rates up to 50,000 per second can be maintained with a 
series of these circuits. 

The principal unit of the circuit is a symmetrical pair of triodes 
whose grids and plates are interconnected. Only one of these triodes 
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can be passing plate current because by so doing it holds the other one 
off. The circuit is symmetrical in a static sense but not in a dynamic 
sen^e Thus suppose the first tube is on and equal positive pulses are 
applied at A as indicated. The plate voltage on the first tube is low 
whereas that on the second tube is much higher, being 300 volts. The 
positive voltage at A is communicated to both grids equally via the 
resistive and capacitative coupling, but the space charge in the second 
tube is much more responsive to the change in the grid voltage. Thus 
in tlie transient stage while the positive pulse is applied at A the off 
tube responds more quickly, and as a result the tube current shifts 
from the first to tlie second. Thus if an output pulse is taken fiom 
either tube it will occur every other time. This accounts for the name 
‘‘scale of two.” Because a scaling circuit depends on this dynamic 
unbalance it is quite important that the biases and resistance values 

be correctly matched to the tubes. 

Very rapid counting indeed is practicable except that the random 
nature of nuclear processes makes very short intervals between pulses 
quite probable. This means that the first two or three units of a 
scaling circuit must be able to change rapidly, requiring small plate 
resistances and a fair amount of power. The later stages are not at 
all critical. 

Usually the pulses are fed in through a buffer stage. Double diodes 
and triodcs lend themselves handily to this process and very compact 
scaling units can be constructed. The circuit for one such unit, de- 
signed by Higinbotham, is shown in Fig. 135. 


Counting-rate meters 

For some purposes it is convenient to use a counting-rate meter in 
place of a scaling circuit. Such a meter simply reads the rate of ar- 
rival of the pulses, and if this rate is rapid enough the fluctuations are 
not very great so that a reasonably stcaily reading can be obtained. 
Such an arrangement is most convenient for photographic recording. 
A very carefully designed meter has been described by Gingrich, 
Evans, and Edgerton and tested very thoroughly by them. Their 
circuit is carefully arranged to provide pulses of the same size so that 
each count records in the same manner. These pulses are then fed 
into the grid of a pentode which is biased to give very little plate cur- 
rent. Tlie pulses produce little bursts of plate current which can be 
read on a meter. The readings so obtained are very unsteady, but by 
placing a 100,000-ohm resistance in series with the meter and a 20- 
microfarad condenser across the two the fluctuations can be smoothed 
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out and a reasonably steady deflection results. Time must be allowed 
for the condenser to become charged, which means that the meter is 
not so direct as might at first be supposed, but it is still more con- 
venient than stopwatch counting. If desired, the small steady plate 
current can be balanced out by a potentiometer arrangement in the 
plate circuit. The meter must, of course, be calibrated. 

A very rapid counting-rate meter has recently been designed by 
Schultz. The counting-rate method is perhaps the best of all methods 
for counting at high rates. 

Counting circuits of all kinds are available commercially, and one 
remarkable development has been the nucleonics industry, which has 
arisen to meet the new demand very rapidly and effectively. 

Fluctuations in counting 

We have spoken above of the fluctuations in counting nuclear par- 
ticles, and as they constitute a phenomenon which is inherent in all 
nuclear observations it is important to appreciate the nature of the 
landom fluctuations which are met in this work. In ^a<■lioacti^'ity we 
may speak of certain definite figures which express the rate of decay 
of a substance, generally its *‘half-life.” Such figures refer to measure- 
ments which involve the averaging of a very large number of observa- 
tions of individual transitions. The actual process of the conversion of 
one atom of, say, radiosodium into stable magnesium takes place at 
random. It is pure chance when the individual event takes place. A 
very large number of such events, when averaged, will show a clear 
and accurate manner of decay, but the fact remains that the random 

nature of the individual process underlies the whole general phenom- 
enon. 

This shows up very clearly when a weak source of a radioactive 
substance is placed near a counting apparatus and the number of 
registrations in every 10-second interval is recorded. One might well 
record in ten such intervals the numbers 8, 5, 6, 4, 10, 7, 6, 6, 7 3 
The average is 6.2, but as high as 10 and as low as 3 can be recorded. 
The arrival of the “counts” is much the same as the arrival of rain- 
drops on a window pane. Such random fluctuations are encountered 
throughout atomic physics; for example, “tube noise” is due to the 
fluctuations m the motions of electrons in a vacuum tube, and the 
finite width of a spectral line is due to a similar cause. It is only in 
nuclear physics that the individual particles are sufficiently energetic 
to be individually detectable and the fluctuations show up directly 



44 


THE DETECTION OF NUCLEAR PARTICLES 

instead of as a secondary effect concerned with the measuring ap- 
paratus. , 

Since these fluctuations are inevitable, what must one know about 

tliem'^ In the first place one must be wary of data taken with only a 
few counts. In the second place one must be prepared to accept 
limitations imposed on experiments by the method of counting avail- 
able. In the third place one should know rough limits of error to 

any count which is taken. 

There is one very simple and complete way of considering any one 
observation. This is by means of Poisson’s formula. If, in a given 
interval, a number of particles n is counted, and if the average number 
arriving in a large number of such intervals is x, then the probability 
of the occurrence of n is given by 

x” 

Pn = - e-" 
nl 

where P„ is the ratio of the number of times n would be recorded, to 
the whole number of trials, if a very large number of trials were 
made. Now in analyzing data we wish to assume that n as observed 
represents the true average x. We have no guarantee that it does; that 
is the inherent uncertainty with which we must be content to live. 
We can, however, suppose that n is in error by a certain amount, say 
the permissible limit of error, and can then calculate the probability 
that this is so. If the probability is low we can be satisfied; if it is of 
the order of 10 per cent it is necessary to worry. To illustrate this 
method of discussion we give the probability of various errors in a 
count of 1000 particles. Tlic probability is expressed as the ratio of 
the probability of the observed 1000 to that of the true average.* 

TAIiLE 1 

Ratio of Probability 
Possible “True” Count op the Observed 1000 

1010 0.9 

1020 0.8 

1050 0.3 

1100 0.03 

1125 0.01 

It can be seen that a 5 per cent error is quite likely and that there is 
a definite chance of an 11 per cent error. In the great majority of 

* Tliis means that, if a large number of trials were nuule, and ti\e average 
were 1010, the count of 1000 would be obtained 0.9 times as often as the count 
of 1010 and if 1125 were tlie average, 1000 wouhl occur 0.01 times as often as 1125. 
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experiments an elaborate discussion of the errors due to fluctuations 
is not presented, but the numbers counted and the conclusions drawn 
are such that there is an ample safety factor. As a rough guide one 
can expect a fluctuation as great as the square root of the number of 
particles counted in any one observation. This guide is useful because 
it indicates the improvement to be expected if more care is taken. 
Thus a count of 100 particles is fairly reliable to 10 per cent, but 
nearly 1000 must be counted to be fairly sure to 5 per cent. A liabit 
the authors have formed when there is a little question of the validity 
of the conclusions drawn is to divide the observations into two, taking 
the first half of the data and comparing it with the second. If the two 
agree it is reassuring. By far the best procedure if there is any ques- 
tion regarding fluctuations is to take more data. 

Coincidence counting 

Nuclear processes generally take place in less than 10“*^ second. 
Therefore if it is possible to observe separately two events connected 
with the same nuclear process the fact that they are connected shows 
as a time coincidence. This time coincidence is very precise unless 
a reason for a delay exists. When this delay exists it is usually inter- 
esting to make a special study of it. 

The simplest illustration of a coincidence is that of a fast particle 
traversing two counters and recording in each. If one counter is 
placed above a cloud chamber and a second below, then a time co- 
incidence between the two means that a particle has traversed the 
space between them and therefore also the cloud chamber. If the 
coincidence is made to actuate the expansion of the cloud chamber 
the ionization left by the particle is still there and therefore the track 
of the particle can be seen. This method, introduced by Blackett 
and Occhialini, has revolutionized cosmic ray research. 

Less obvious but equally important is the time coincidence existing 
between gamma radiation and other processes such as the emission of 
a beta particle or a proton in a transmutation. The study of such 
coincidences is often the only way to decide on a scheme of energy 
levels. Occasionally delayed coincidences are observed, corresponding 
to a transition process of short average duration, the most famous 
being the decay of the fx meson to an electron as observed by Rasetti. 

The most important factor in coincidence counting is the possibility 
of random coincidence. If the counter or the circuit has a finite time 
of response T (called the resolving time) and the two counts are 
^ 1,^2 particles per second, then there will be random coincidences 
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at a rate 2F.V1.V2 per second. This is easy to see. Consider the 
events in 1 second. The first counter will actuate the circuit for a 
total time T.Vi. However, the first counter will take a share m a 
coincidence with the second counter for double this time because the 
second counter has only to operate the circuit for a fraction of the 
overlapping time. This total overlapping time is 2 T per count m the 



Fio. 14. Triple coincidence circuit. The Oeifjcr counters deliver pulses to the 
throe tubc.s T\, T-j, 73. such that their prids become negative and plate current 
ceases to flow in the resistance li. W hen this is so the potential of A rises and an 
output pulse is delivered. If any one tube is not blocked, enough current flows in 
R to keep the potential of A low, and hence a pulse is not delivered unless all 

three counters operate simultaneously. 

first counter.* Now we can regard each count in the second as able 
by chance to occur in the time 2 TiVi pre-empted by the first. The 
fraction of such counts causing a coincidence is thus 2 F*Vi/l, the ratio 
of the “active” time to the total. The number of attempts made at 
such occurrence by the second counter is N-* so that the total number 
of successes is 2TN1N2 per second. 

* If the roador profors to visualize this we sijggost he draw two pedestals of 
width T on two lines and tlien gradually draw them apart. At the limiting 
rontaet the conditions arc as though tliere were one pedestal of width 27’ making 
coincidence with a line. It is this limiting idea which is used above. 


THE CLOUD CHAMBER 


47 


This expression for random coincidences is the dark side of life 
for the coincidence expert. It represents meaningless data. To reduce 
the number one can reduce Ni and iVo. but that lengthens the experi- 
ment. It is better to reduce T, and modern circuits can employ a 
value of T which is under second. 

The other factor in coincidence counting is efficiency of detection. 
This must be as high as possible or else the ratio of true to random 
coincidences is not high enough. In cosmic ray research where and 
iVo are necessarily low, coincidence counting has enjoyed its greatest 
success. Much current work in nuclear problems is now going forward, 
aided by scintillation counters. 

Two types of coincidence circuits are in common use. For multiple 
coincidences the Rossi circuit shown in Fig. 14 is used. The prin- 
ciple of this lies in the fact that if all tubes sharing a common plate 
resistance are simultaneously turned off the voltage at the plates 
rises to the voltage of the supply, whereas if even one is still on the 
plate voltage stays quite low. A multiple coincidence of all the coun- 
teis thus produces this large voltage change. A second circuit has 
been developed by Schultz. This operates on the principle that if 
two sharp triangular pulses are superposed the total voltage can only 
reach double of each when exact coincidence occurs. Thus by means 
of a bias a variable resolution time can be achieved. By the use of 
uide band circuitry including special pulse transformers the resolving 
time can be reduced to less than 10 second. With this circuit the 

time of flight of a cyclotron beam through a path 1 meter long has 
been observed. 

Simple modification renders the Rossi circuit an anticoincidence 
circuit. The circuit then rejects time coincident events. This is often 
useful. For example, to ensure that a particle has stopped in a cloud 
chamber, a counter placed below in anticoincidence rules out all those 
particles that traverse the chamber. The cloud chamber is operated 
only when the lower counter is not affected. 

The cloud chamber 

The cloud chamber is almost certainly the most widely known 
method of detection of nuclear particles because it gives such a graphic 
portrayal of the path of a nuclear projectile. The familiar principle 
depends on the observation of C. T. R. Wilson that ions can act as 
centers for the formation of condensed droplets in a supersaturated 
vapor. He produced the supersaturated vapor by the simple process 
of rapid adiabatic expansion of a saturated vapor. The rapid expan- 
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sion causes a fall in temperature which carries the vapor below the 
(lew point. If the vapor is clean, partieularly if it is free from dust, 
the state of supersaturation is maintained unless some ions arc present. 
Droplets form about these ions and so make the presence of the ions 
known. By illuminating the vapor after expansion, photographs can 
be taken and any interesting events permanently recorded. 

The cloud chamber is one of tlic oldest instruments in nuclear phys- 
ics. It has undergone considerable development and has probably 
taxed more people’s patience than any other piece of equipment in 
tlic whole subject. If the reader thinks for a moment of the method 
of operation outlined above he will soon sec one disadvantage of the 
instrument. This is the fact that time must elapse before the cloud 
chamber is ready for a second expansion. The time of the expansion 
itself is short, and the sensitive time is about second, but 20 sec- 
onds must elapse between expansions. This means that the ap- 
paratus is only per cent efficient, and in turn this means long horn's 
of work to secure data. Many attempts have been made to develop a 
“continuous” cloud chamber, and some success has been attained in 
finding means to produce a supersaturated state by a steady flow of 
one gas against a vajior. No research results have been produced yet 
by such equi])mcnt. A more useful technique has been to keep the 
cloud chamber in readiness for expansion until a particle is known to 
have passed through it. This seeming miracle can be accomplished 
only if the particle to be detected is an energetic one of the kind to be 
found in cosmic rays, a particle which can pass through the walls of 
tlie cloud chamber and also through a Geiger counter. The operation 
of this counter trips a relay which sets off the expansion. By this 
means tlie efficiency of the expansion chamber is enormously increased 
and the saving in film is great. 


A cloud chamber for observation of alpha particles, protons, and 
heavy recoil atoms is not hard to construct. The expansion can be 
made in a volume enclosed by a rubber diaphragm which is compressed 
and tlien released. In j^Iace of water as the vapor, various alcohols 
can be used. They have the advantage that the “expansion ratio,” 
the ratio of the volume after expansion to that before, is less. For air 


and water tlie expansion ratio is about 1.4, whereas with various alco- 
hol mixtures it is around 1.2. The cxjiansion ratio can be calculated 
in terms of the si>ccific heats of the gas and latent heat of the vapor 
concerned. For a gas like acetylene witli water vapor it rises to 1 8 
The observation of fast electrons is much harder. The expansion must 
be kept within close limits defined by no tracks visible and all tracks 
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obscured by too dense a general fog. Any small trace of acid fumes 
will effectively prevent the operation at all, and if one talks to workers 
in cosmic rays one becomes aware of the existence of a cloud chamber 
“season,’' namely, the time of year when it is not too warm and 
humid. The observation of fast electrons by means of cloud chambers 
should not, therefore, be attempted lightly. 

Expansion chambers can be operated at high pressures, up to 10 
atmospheres. Such chambers are useful in measuring the ranges of 
protons emitted in nuclear reactions and in detecting the presence of 
groups. The recoil protons caused by neutrons in a gas containing 
hydrogen can also be detected with such equipment. 

Photographic detection 

Photographic detection has always had considerable appeal be- 
cause it offers the same advantages as the cloud chamber, namely, the 
ability to see the process occurring and to record it permanently. It 
was first used by Mariette Blau, and recently as a result of the efforts 
of T. R, AVilkins and C. F. Powell emulsions of sufficient thickness 
and fineness of grain have been produced for a wide range of use. 
The most successful of these to date has been marketed by Ilford of 
England. Emulsions up to 500 microns in thickness have been pro- 
duced. The usual thickness employed is 100 microns. Such emulsions 
must be developed with great care, each process taking several hours, 
and they have to be handled carefully to avoid peeling. 

The tracks of nuclear particles appear in a manner much like those 
of cloud chamber pictures. The ionizing particle causes the dislodge- 
ment of electrons in the emulsion. These electrons are held in position 
so that a latent image is formed which remains for a period of weeks 
or months. Development by a reducing agent then causes each grain 
containing the dislodged electron to blacken. Since the total path 
length of a nuclear particle in the emulsion is very short the grain size 
must be small or no kind of a track is produced. This technical diffi- 
culty has now been overcome. Figure 15, due to Dr. R. A. Peck, 

shows tracks of protons in photographic emulsion. They are easily 
recognized and readily counted. 

The tracks are observed with a high-powered binocular microscope 
which needs to be focused at different depths in the emulsion. It is 
the tediousness of this work which detracts from the photographic 
method. This can be overcome by a proper psychological approach, 
which consists m observing in a group, rather than alone, and in an 
undarkened room. Morale rises each time an exciting process is un- 
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covered, and competition stimulates discovery while providing healthy 
skejiticism. The group at Bristol in England presided over by Airs. 
C. F. Powell operates in this manner, and their output of discovery 
has been amazing. 

The undeveloped images on nuclear emulsions fade in about three 
montlis. Ilford jdates can be operated in vacuum. 



Fto. 15. 
dcutcrons 


Tiacks of protonv*? produced in <he bonihardinent of pliosphorus bv 
as recorded in a pholoKrapliic emulsion. Tlie magnification is 1150X 

(Re<ord by Dr. R. A. Peck.) 


Photograj)hic tochni(]ue oilers the unmatched advantage of record- 
ing the total ionization of a particle as well as the rate of ionization. 
This has made possible the discovery of the various kinds of mesons 
and is being exploited in observing their i)roperties. 

An important improvement has been made by Kodak, Ltd., of Eng- 
land which makes it i)ossil>lc to observe light electrons, ^^’ith such an 
emulsion the decay of a meson into an electron has been photographed. 

Amplification of ionization current: the electrometer tube 

\\ here fairly lai-ge sainjiles of elements having long half-life arc to 
be studied, or where it is important for l.ealth hazard reasons to have 
u permanent record, it is often desirable to record the ionization cur- 
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rent produced automatically. A counting rate meter achieves this 
hut is susceptible of circuit instability unless carefully constructed. 
Another method is to amplify the ionization current in an ionization 
chainbei by means of a vacuum tube, often called an electrometer 
tube. Since the output of such a circuit can be made to operate a 
galvanometer, a permanent record can be produced. 



Fio. 16. Electrometer tubp 

flows m the resistance X and a steady Kiid^notenr ^ current 

Who^ion?Ire"fo^^^^^ blt^ncing" chcuirc" 

Pote.ua. a.a .e p.a.e eu.ent/T. ul ^3 1 

tion occurs in the ionization chib r iteTr^ 

mined by the grid potential whieb ■' 7^ ^ current will be deter- 

bias battery and the flow of’ grid current thr"' '” b^®, by the 

steady state will be reached fn wU- . through the resistance X. A 

and this plate current can be read hv a 

and variable resistance can be arranged a battery 

so that the galvanometer shows no defl , *be plate current 

Now, if ionization occurs in A current 1 

tential of the grid is changed thus oT ^ *be po- 

It IS commonplace for a vacuum tube^T^ ^ change m plate current. 

acuum tube to produce a milliampere of 
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pUitc current for a volt change on the grid, so that a change of 0.0001 
volt would produce a current change of ampere in the plate cur- 

rent- a relatively insensitive galvanometer will readily detect this 
amount. If the resistance X is 10" ohms the current to produce the 
0.001 -volt change would be 10“" ampere, or about 33,000 ion pairs 
per second. This much ionization is produced by one alpha particle 
per second or by 100 electrons per second. As quite small sources 
emit at these rates, the method of detection is amply sensitive. 

The catch appears as soon as the apparatus is set up. Not only 
tlte ionization chamber, but also variations in filament temperature, 
plate supply voltage, electrical disturbances, and so on, will produce 
ciianges in plate current as great as those given above. It is there- 
fore necessary to use careful shielding, a large storage battery on the 
filament, good heat insulation, and a steady source of plate voltage 
before tliese sensitivities can be approached. By using multi-grid 
tubes, compensating networks can be devised to alleviate some of 
these sources of disturbance, and in competent hands the electrometer 
tube is one of the most satisfactory methods of observation of nuclear 
processes. It has one interesting application in which an ionization 
chamber at 10 or so atmospheres is used. The increased pressure 
means that a large part of the ionizing path of a beta ray is spent in 
tlie chamber and the ionization current is accordingly greater. Such 
an arrangement will detect single electrons and is probably the best 
l)ossible method of detecting very weak sources. 

The disadvantage of a sensitive galvanometer can be avoided by 
inserting a “chopper” at an early stage in the circuit. This inter- 
rupts the circuit at a rapid rate, say 40 cycles per second and permits 
amplification by an alternating-current amiilifier tuned by special 
circuitry to the right frequency. Sufficient stable amplification fol- 
lowed by rectificatitin can be obtained in this way to operate a rela- 
tively rugged meter. 


The detection of neutrons and gamma rays 

We have made the point very firmly that charge and speed are 
needed for the detection of nuclear particles. What then is done 
about neutrons and gamma rays which possess no charge and (for 
neutrons) may have very little speed? The answer is that the detec- 
tion process is indirect: first a secondary effect must be produced. 
Tliis secondary effect then has the necessary charge and speed. 

It is fairly easy to see how neutrons are detected. They interact 
readily with all nuclei either by billartl-ball type of collisions or by 
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being captured and producing nuclear changes. Skill in detecting neu- 
trons consists in isolating one of these effects so that it may be used 
quantitatively. Suppose the billiard-ball process is chosen. One 
c()uld pick hydrogen as the target ball. The neutron then collides 
with it and projects it forward. The hydrogen which is now moving 
rapidly sheds its electron and becomes charged and so can be de- 
tected, for example, in a proportional counter, or in a photographic 
etnulsion. Other methods of neutron detection involve either the pro- 
duction of radioactive nuclei which emit beta particles and so are 
detected, or the splitting of light or heavy atoms into two parts which 
have charge and speed and so can be observed. These various proc- 
esses will be considered later. 

Gamma rays act somewhat differently. Predominantly a gamma 
ray reacts with electrons. These are either produced when the whole 
gamma ray is absorbed, thus producing photoelectrons, or when a 
collision occurs, producing “Compton’' electrons. In both cases the 
electron is now the secondary product and has the qualities of charge 
and speed requisite for detection. 

Common to both these processes of detection is the question of 
tiansition which we can briefly discuss. In general neutrons and 
gamma rays react infrequently with atomic particles. This means 
that lots of such particles must be available for interaction, a long- 
winded way of saying that the substance responsible for the secondary 
process must be thick. This very thickness, however, must be 
watched, for the secondary particles can ionize and so can be ab- 
sorbed rapidly. This means that only the exit end of the thick layer 
does us any good in detection because every other region gives rise to 
electrons or protons which are absorbed before they reach the counter. 
This problem of transition greatly reduces the efficiency of detection 
of neutrons and gamma rays. 

Simple considerations show^ that without tricks the detection effi- 
ciency is of the order of 1 per cent. As shown in Chapter 2, an elec- 
tron of energy 1 Mev has a range of 383 milligrams per square centi- 
meter of aluminum. This is about a millimeter and a half actual 
thickness. It is therefore no good to use material for conversion of 
1-Mev gamma rays to electrons (often called the radiator) of thick- 
ness in excess of a millimeter and a half. In Appendix 5 it is shown 
that the absorption coefficient for gamma rays of 1 Mev in aluminum 
IS 0.16 ratio per centimeter, meaning that in 1 centimeter of aluminum 
about 16 per cent of the gamma rays are absorbed. Only 0.15 X 16 
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or 2.4 per cent arc absorbed in a millimeter and a half. This is all the 
gamma radiation which can be detected. The actual figures are lower 
because very few of the secondary electrons have the full energy of 
1 Mev. 

For neutrons the situation is worse because the secondary products 
are more easily absorbed and the neutrons themselves are much more 
penetrating. 

This obstacle of transition has stimulated methods of overcoming 
it. For gamma rays the scintillation counter in which the secondary 
electron is made to produce photons which in turn act on the photo- 
cathode is a great advance. The photons traverse the transparent 
naphthalene with ease so that the thickness of naphthalene can be 
as much as an inch. The efficiency is accordingly nearer 10 per cent. 
For neutrons the trick used is to slow them down so that their pene- 
trating power is greatly reduced, and then let them produce a change 
in some nucleus which can be detected. Since both these require 
further knowledge of nuclear processes they will be deferred until 
later. 


Summary 

To summarize, we can say shortly that to detect nuclear particles 
we detect ioniz(it}on. This can be <lone directly by electrometers 
whose sensitivity can be pushed with difficulty to detect single par- 
ticles. If 100 times the ionization of a single particle per minute is 
to be detected it can be done directly with the Lauritsen electro- 


scope, which is about the most useful general-jiurpose instrument in 
radioactive work available. By means of tube amplifiers either single 
particles (high-gain amplifier) or steady ionization currents (single 
electrometer tube I can he observed. The latter is very well adapted 
to be used with a recorder. Use of a high electrostatic field and ioni- 


zation by collision rentiers the detectitin of single electrons easy. The 
most widely used instrument, however, is the Geiger-Miiller counter, 
which is generally associated with auxiliary circuits for recording, in- 
cluding scaling and coincidence circuits. The nature of fluctuations 
in counts is important to realize. Rough guides for estimating errors 
due to tliem are given. The cloud chamber and photographic record- 
ing are two methods of importance, the former in nuclear research, 
the latter in an increasing range of application to apidied problems! 
Scintillation counters find use for fast counting and for gamma-ray 
counting at high efficiencies. 
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4 -- Methods of Accelerating 
Atomic Particles 


This chapter will deal with means for accelerating charged particles 
to high energies. Such apparatus can be readily classified into two 
groups: (1) direct or “single-transit” accelerators and (2) additive 
increment or “multi-transit” accelerators. In the first type of ap- 
j)aratus the final particle energy is the product of the charge on the 
particle times the voltage developed by the machine. Due to insula- 
tion problems 12 million volts reiiresents the maximum that has so 
far been attempted with an arrangement of this kind. The additive 
increment accelerator on the other hand develops relatively small 
voltage itself. Yet by treating the cliargcd particle to this voltage 
kick many times in rapid succession tremendous final energies are 
feasible. Particle energies of 400 Mev have been attained by this 
method, and projects now under way have as their goal particle ener- 
gies in the multibillion volt region. 


DIRECT ACCELERATORS 

Electrostatic accelerators 

The simplest and one of the earliest methods ilcveloped for producing 
the high voltages necessary for transmutation work is a streamlined 
version of the age-old electrostatic machine. Inasmuch as no ion 
source giving more than a few hundred microamperes of ions con- 
tinuously has been iierfectcd, the power actually utilized in the pro- 
duction of the most intense available beams is relatively small. This 
means that, although the accelerating device must develop a high volt- 
age, no large current capacity is necessary. These requirements are 
admirably suited to the capabilities of an electrostatic generator. Van 
de Graaff was the first to recognize the possibilities of such a machine, 
and the present-tlay electrostatic apparatus as apidied to atomic pro- 
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jectile work is a direct outgrowth of his development research and 
bears his name. 

A description of the largest machine of this type ever constructed 
will illustrate the principles of operation. This apparatus was origi- 
nally assembled at Round Hill, Alassachusetts, where an airship 



Fig. 1. Schematic diagram of the Round Hill high-voltage installation. 


hangar served as its home. Later a special building was constructed 
on the campus at the Massachusetts Institute of Technology, where it 
was reassembled in a modified form. In the Round Hill installation 
two large metal spheres, each 15 feet in diameter, were mounted 40 
feet in the air on insulating pillars. It is pictured diagrammatically 
in Fig. 1. A wide endless belt of silk or paper, driven by motors and 
pulleys, runs from the floor up inside each sphere. A transformer- 
rectifier set produces a voltage of 10 kilovolts. Negative electricity 
is sprayed on one of the moving belts from a sharp-pointed metal 
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comb, and positive charges are similarly put on the other belt. These 
belts then carry the charges upwards and within the spheres, where 
a similar metal comb removes the charge from each belt. The comb 
is connected to the sphere itself, and the collected charge is transported 
to the outside of the sphere. This must be the case since an ele- 
mentary theorem in electrostatics states that no free charge ever re- 
mains on the inside of a hollow conductor. As a result of this, no 

charge ever accumulates on the comb, and hence, regardless of how 
much charge rests on the exterior, the charge sprayed on the belt be- 
low will always be taken off above. Thus, 
as more electricity is sent up the belt, the po- 
tential of the sphere rises until the charge 
lost to the air through corona discharge equals 
that coming up the belt. To make this equi- 
librium voltage as high as possible it is de- 
sirable to have wide belts and run them as 

fast as is practicable. 

Another trick is employed which doubles 
the amount of charge separated in any one 
, ,, „ . revolution of the belt. This is achieved by 

(TOasing holt cfllcicncy i • xi i i- • , , 

by carrying negative tbe descending belt carry an equal 

charge down aa well as quantity of charge opposite in sign to that 
positive up. which the ascending portion carries. It is 

accomiilished in the following manner, as il- 
lustrated in Fig. 2. The rising belt carries a jiositive charge which 
is sprayed on below. On reaching A the sharp-pointed collector ac- 
quires a cluirgc from tlie belt much as a vacuum cleaner sucks up 
dirt from a carpet. As this insulated collector assumes a higher and 
higher positive potential, negative electricity is attracted to the 
pointed rod C which is connected to the sphere. The resulting corona 
sprays negative charges on the descending belt. Thus each revolution 

of the belt is twice as efficient in charging the sphere as when the con- 
ventional scheme is used. 

ith this huge apparatus it was found possible to charge one sphere 
positively to well in excess of 2.5 million volts, and the other to a 
roughly equal negative potential. Now, by connecting an evacuated 
tube between the two spheres, ions produced at the positively charged 
sphere could be accelerated down the tube to an energj' in excess of 
5 Mev. These ions are produced in a discharge tube, into which gas, 
composed of the proper atoms, is continually admitted at a low pres- 
sure. A small hole drilled in the discharge tube allows the ions to 
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emerge into the accelerating tube, wlicre they arc whisked down the 
tube towards the target. If we prefer to accelerate electrons all tliat 
is necessary is to interchange ion source and target, the former being 
replaced by a simple electron gun. Figure 3 shows the accelerating 
tube m place. A short description of this tube is quite in order, since 
it is a cominon feature of all direct accelerators. 

The tubular '‘doughnuts” are connected to metallic cylinders placed 
inside the accelerating tube, and through these cylinders the ion beam 



Fig. 3. View of the accelerating tube in place between the spheres of the Round 

Hill generator. (Photograph by Dr. L. C. Van Atta.) 


moves. The doughnuts carry a corona discharge from one sphere to 

Hie other, thus making for a uniform voltage gradient along the tube. 

The cylinders are separated by gaps and act as lenses to focus the 

ions toward the target. Figure 4 provides a close-up of a section of 
the tube. 

In actual practice there is a potential difference of several hundred 
kilovolts between each pair of inner cylinders to which the doughnuts 
are connected. The electrical lines of force between adjacent cylinders 
follow the pattern indicated. Ions moving through these electrodes 



00 


METHODS OF ACCELERATING ATOMIC PARTICLES 


are constrained to move along the lines of force and as a consequence 
arc confined mainly to a path near the center of the tube. The reason 
for this is obvious. In moving across the gap from the interior of one 
cylinder to the next the particle gains an increment of energy propor- 
tional to the voltage difference between the cylinders. This gain in 
energy results in a corresponding gain in velocity (K.E. = Yymv^)^ 
which means that the velocity of the particle entering the second cyl- 
inder is much greater than the velocity it had when emerging from the 
first. Now, the faster a particle is moving in an electric field, the 
smaller the effect which the field can have in deflecting it. One might 



Fir,. 4. Action of coionu rings and points in distributing potential and focusing 
the beam. The small diagram sliows the linos of force between the two sections. 

This field acts as an electrostatic lens. 


visualize this in a non-technical way by arguing that a “slow” ion 
stays at any one place longer than a “fast” one and thus gives the 
field a longer time in which to act. Hence it is evident from Fig. 4 
that the focusing effect exerted on an ion moving off center during 
the first half of its path across the gap will be greater than the de- 
focusing effect experienced by the now faster ion during the second 
half of its journey between electrodes. This focusing action is so ef- 
fective that, after careful adjustments have been made, the ion beam 
may have a cross section no larger than a dime. This facilitates the 
prej>aration of concentrated samjilcs of radioactive materials. 

In the modified installation at the Massachusetts Institute of Tech- 


nology the two spheres are joined and charged as a single unit. A 
cross section of the new arrangement is shown in Fig, 5. A modified 
form of Van de Graaff accelerator was pioneered by Tuve, Hafstad, 
and Dahl at the Terrestrial Magnetism Laboratory of the Carnegie 
Institution at \\ ashington, D. C. This apparatus proved very suc- 
cessful for voltage up to 1.2 million. 

If a diatomic gas such as hydrogen is introduced into the discharge 
tube and if it were possible to view the resulting ion beam under a 
super-powerful microscope, we should notice that the beam is com- 
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posed of two types of projectile, one component comprising single 
particles and the other a number of dumbbell-sliaped double units. 
Tlie single paidiclcs would be protons, and the ]')airs would consist of 
molecular hydrogen ions. The molecular ion is in reality two jirotons 



Fig. 5. Diagram of the Cambridge, Massachusetts, installation 


which share an electron. Since both types of projectile forming the 
beam possess effectively a unit positive charge, the kinetic energy 
given to each after passing down the accelerating tube will be the 
same. This requires that the molecular ions move with approximately 
seven-tenths the velocity of the protons. The impact upon striking the 
target splits each doublet ion into two protons. These '‘Johnny come 
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lately” protons possess only half tlie energy (jf those which traveled 
the length of the tuhe as such. As a consequence of this, two different 
energies are effective in producing transmutations when a target is 
(‘xposcfi to the beam. For many experiments it is essential that 
monokinetic particles strike the target. This can be accomplished by 
sui)eriinposing a magnetic field at right angles to the path of the beam 
just aiiead ot the target. In sucii a field the molecular ions will be 
deflected somewliat less tiian the protons, and the initial beam will be 
separated into two parts, one comprising molecular ions, the other 

protons. The target can thus be placed so 
as to intercept whichever fraction is de- 
sired. 

Pressure electrostatic accelerators 

The limiting voltage which can be at- 
tained by tbe spliere of an electrostatic- 
type apparatus is measured by the break- 
down potential difference between it and 
surrounding objects at ground potential. 
A graph showing how the breakdown volt- 
age between two objects varies with the 
air pressure is given in Fig. 6. It is clear 
from the curve that one can increase the 
ultimate voltage obtainable in cither of 
two possible ways: (1) by evacuating the 
surrounding space to a point \vell below 

tke critical pressure, or (2) bv increasing 
tiie pressure to several atmospheres. 

The latter p(.s.sil,ility has proved to be the more practical, and sev- 
eial installations which operate uniler pressures up to 10 atmosplieres 
are now completed or in the process of completion. Foremost among 
|M)i <er.s m phase of high-voltage machines has been Herb at the 

■n 1 ig. 7. I he entire unit ,s enclosed in a steel tank built to withstand 
a pmssure of 100 poun.ls per square inch. The sphere which usuallv 
es as a high-potential electrode is replaced by the metal cvlinde'r 
^ -supported by the Te.xtolite cylinder T. The hoops II are of alu- 

a small leakage current from the high-voltage electrode E thus 
tinsuimg a unitorm |.otential gradient from E to ground and discourag- 
.ng sparking to the wall of the tank. The eleetimde is cl.ar.mrbyX 


Fio. 6. Graph showing how 
tho breaktlown potential 
belw(‘en two objcct.s in air 
\aiie.s with the pre.'ssure. 
Provided that a eritieal 
pressiirt* i.s ('xc(‘eded, the 
brt'akdown voltage increases 
rapitllv as flu‘ pre.ssiire is 
increased. 
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system of belts illustrated. The accelerating tube is of conventional 
design. At atmospheric pressure the highest working voltage with this 
appaiatus is about 500 kilovolts. However, at 8 atmospheres of aii’ 
piessure the usable voltage is 2.1 IMev. Later investigations have 
shown that even larger voltages (2.4 jMev) are obtainable when CCI 4 
or CCLFs vapor is introduced into the tank, and by various other 
improvements Herb, Turner, Hudson, and Warren have been able to 
push the voltage as high as 4 million. SF^ has been used at M.I.T. 
by Van de Graaff’s group, and voltages up to 5.6 Mev have been ob- 
tained from a very compact apparatus. 

The close control which one can exert on the voltage makes the 
electrostatic accelerator ideal for accurate nuclear work. McKibben 
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Fig. 7. Schematic diagram of Herb’s pressure electrostatic generator. The hoop 
// ensure a uniform potential distribution along the length of the acceleratini 
tube on the one iiand and the charging belts on the other. This equipment i: 
cheap and compact and can develop about 2.5 million volts. 


has reported a scheme for maintaining the voltage of a 2 . 5 -Mev ac- 
celerator constant to within rb 1.5 Kev, which is better than 1 part in 
1600. This is done by making the analyzed beam control a variable 
corona leakage current to the high potential electrode and so auto- 
matically regulate the voltage. 

The final development of this form of acceleration has not yet been 
reached; machines designed for 12 Mev are now under construction 
at Los Alamos and M.LT. The High Voltage Engineering Corpora- 
tion of Cambridge, Massachusetts, now offers for sale a commercial 
model of the Van de Graaff apparatus. 

Voltage multiplication methods 

We now turn our attention to the scheme used by Cockcroft and 
\\ alton in England for obtaining high voltages. With their machine 
they were the first to produce a transmutation with artificially accel- 
erated particles. Their method depends on the process known as 
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voltage multiplication originally worked out by Grcinacher. The 
same idea is utilized in many home radio sets. For example in Fig. 8 


25Z5 



Fig. 8 . Cirriiit showing how tlic Grcinacher idea is applied in transformerless 
radio sof.s. The output voltage under no load is twice tlie peak input voltage. 


when A is at its positive voltage peak, diode 1 becomes conducting, 
charging Ci to a potential difference V. A half-cycle later diode 2 
conducts, raising the potential difference across Gj to T', but in the 
ojiposite sense to Cj. Hence there appears across CD a constant volt- 



age 2r. If a load is connected across 
CD this voltage decreases some- 
what. 

Elaborating on this idea Cockcroft 
and Walton used the circuit shown in 
Fig. 9 to get a final voltage six times 
that supplied by the transformer. 
The accelerating tube is connected 
across AB. At high voltages there is 
always a certain amount of corona 
loss, and of course a slight amount of 
power is needed for accelerating the 
ions. The actual voltage multiplica- 
tion in their apparatus turned out to 


Fig. 9. Circuit used by Cockcroft 
Jind Walton whicli yioMs a volt- 
age between five and six times 
that supplier! by the tran.'jformer. 
The accelerating tube is con- 
nected across AB. This is an ex- 
tension of their original installa- 
tion which only quaflrupled the 
transformer voltage. 


vary between 5 and 6. 

Cascade transformer methods 

Early in tlie 1930’s Lauritsen and 
his associates modified a high-voltage 
x-ray installation at the California 
Institute of Teelinology to serve as 
an ion accelerator. The essentials of 


T 7 . . ..Kiwiuie Uio snown in Fl". lU 

our transformers arc linked in cascade as indicated, a portion of 

eacli secondary exciting tlie |)rimary of tiic following sta<»o Thus 

the secondary of each transformer operates at a root mean square 
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(rms) voltage of 250,000 above that of the preceding stage. This 
means that the fourth transformer will be raised to a potential 1 
million volts above ground. The one major disadvantage with this 
arrangement is that the voltage is not constant but alternates 
bet\\ een 1 million volts positive and negative. Consequently, positive 
ions will be accelerated only during the positive half-cycle, and not 
all of them will have the full million electron volts of energy. This 
means a lower efficiency for transmutations than would result from 
an equal number of ions accelerated in a 1-inillion-volt constant- 
voltage apparatus. In addition to this, any electrons present in the 
free state will be accelerated throughout the negative part of the 



Fia. 10. Transformers in cascade. Part of the secondary of each transformer 
operates the primary of the next, until high voltages are built up. The tube is 
in three sections with the voltage applied from a divider as shown. 

cycle, and these on striking the target will give rise to penetrating 
x-rays which can prove quite troublesome. Nevertheless, many valu- 
able experiments have been carried out with this apparatus, and it 
seems especially suited to work involving a Wilson cloud chamber. 

MULTI-TRANSIT ACCELERATORS 

Linear multiple accelerator 

The simplest apparatus utilizing the indirect method is the linear 
multiple accelerator, first demonstrated by Wideroe and developed in 
America by Sloan and Lawrence. The name aptly describes its mode 
of operation. The main features are shown schematically in Fig. 11. 
By means of a fixed potential Eq, ions formed at S are drawn into the 
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first of several coaxial cylinders which are enclosed in an evacuated 
chanihcr. Alternate cylinders are connected to the ends of a coil 
which is inductively coupled to the tank circuit of a high-frequency 
oscillator. An alternating potential of several thousand volts is thus 
produced across the gap between the cylinders. The ions present in 
the ga]) during a favorable Iialf-cyclc will be accelerated across the 
gap. Let us assume that the cylinder length and spacing are chosen 
so that a particle which receives a voltage kick Vc will traverse the 



I'lo. 11. Linear mulliple aeeelcrator. In this apparatus a radio-frequency volt- 
aRO IS impressed on alternate cylinders, wliose lengths are carefully adjusted. 
.\n ion which is accelerated from to the fust cylinder is also accelerated in 
the next gap. since the time of transit of the first cylinder is just that of a half- 
o. The equipment becomes too long and requires too much power for the 

development of voltages in excess of a million 

first cylinder in a time equal to a half-period of the oscillator. This 
means it will enter the second gap when the voltage between cylinders 
IS again V„ and will receive an additional energy increment of this 
magnitude. As the particle gains in vclority it is obviously necessary 
that successive gaps he spaced a correspondingly greater distance 
apart Originally one great disadvantage of this apparatus was that 
iMth the radio frerpicncies available in 1932 unrcasonahlv long tubes 
would have been necdcl to produce light ions with energies in excess 
of 1 Moy By using 3fi accelerating cylinders Sloan and Coates were 
a do to obtain singly ehargod mercury ions of almost 3 Mev, although 
Ibe ion currents were very small. Such heavy ions are not efficient in 
lausing transmutations since in colliding with a nucleus most of the 
energy is spent setting the target nucleus in motion and thus only a 
■small fraction is available for etTecting a transmutation 
Another glaring defect in this instrument is the difficulty of trying 
to achieve both “axial- and “phase” stability. This can be appre- 
ciated by reference to Fig. 12. It is clear that particles reaching the 
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gap at both ti and will receive the proper push However, the 
ti particles cross the gap while the electric field is increasing. Hence 
in traversing the gap they will recei^■e a net defocusing effect (more 
defocusing over the second half of the gap than focusing over the 
first half), and any off-center motion they possess will be accentu- 
ated, In other words, they lack axial stability. The t 2 particles have 
axial stability since they move across the gap while the field is de- 
creasing, but they in turn lack phase stability. To understand this 
latter term let us concentrate on a ta particle. It should enter the next 



Fig. 12. Solid line shows potential on odd-numbered cylimlers; dashed line, 
potential on even-numbered electrodes; both as a function of time. Vertical 
distance between curves is potential difference at time considered. Particles 
entering gap at h and t-y will receive proper acceleration. However, h particles 

lack a,.\ial stability, whereas t-j particles lack phase stability. 


gap at time t-j . Should it be delayed slightly it will arrive at a time 
later than t-/ and get a smaller kick than it should, thus throwing it 
even further behind at the following gap. If it should be ahead of 
schedule it will get too large a boost and hence be even earlier at the 
succeeding gup. A similar analysis applied to h shows that, con- 
versely, any deviation in phase will effectively correct itself so that 
the ti particles will tend to keep in step with the field. 

V ith the invention of the cyclotron, interest in linear multiple accel- 
erators disappeared until the radar techniques of AVorld ^^’ar II made 
It appear feasible to obtain high-energy protons in a reasonable space. 
In 1948 Alvarez completed an installation at the University of Cali- 
fornia which produces 32-]\Iev protons in an apparatus 40 feet long. 
The accelerator is pictured in Fig. 13a, and although it scarcely re- 
sembles the apparatus sketched in Fig. 11 the basic principle is still 
the same. Pioton pulses of 300-microsecond duration are given a 
preliminary acceleration to 4 Mev in a pressure Van de Graaff ma- 
ciiine and are then fed into the first stage of the linear accelerator. 
Those protons entering at the proper stage of the radio-frequency 
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cycle are compressed into a tight bunch and accelerated down the tube. 
The 40-foot cylindrical cavity is energized by 27 radio-frequency 
oscillators operating at 202.5 megacycles, each capable of delivering 
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Hesonont cavity dimensions: M inches diameter, 40 feet long 
Oporatinu mo<ic: rAfi)!,) (electric fichl along axis); magnetic 
linos of force are concentric circles around oxJ^ 

Kumber of drift tubes: 46 
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Drift tube diameter: initial. -1.75 inches, final 2.76 inches 
Spocinu of drift tubes (center to center); initial. 6.-I3 inches) 
final, 14.5 inches 



(a) 




<<s> V ■ 

XX* 


— 






•u 


(C) ' 

,*"1 'i''™'- nccolerator wlii.l, has yiehlcd protons of 

32 Mov (adapted from Cltcriiical and Enyinevring Nvus. Vol 25 p 2*^7) (6) 

An instanlanoous view of tln^ Hrctric linos of foroo in the vaouum' tank.' The 

masm'lic linos of force are concentric circles about the tank axis as center. 

(e) The defocusing part of the ehclric field between drift tubes is eliminated 

through the use of a wire grid. 

150 kilowatts of peak power in the form of 600-inicrosecond pulses 

at a repetition rate of 30 per second. No trouble was experienced in 

properly phasing the se])arate oscillators which lock into the resonant 
frequency of the cavitv. 
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A standing wave field is established within the cavity. Fig. 136 
showing an instantaneous view of the electric lines of force in a sec- 
tion. (A half-cycle later the arrows will be reversed.) Note that the 
field is in phase the full length of the cavity. A proton introduced 
into the first cavity at this instant will be accelerated. One radio- 
frequency cycle later it will be entering the next gap since the time 
required to traverse the distance between successive gaps /3\ (time = 
distance/velocity = ^\/v = vkjcv = A/c) is just one radio-frequency 
peiiud (c = ??A; n = c/A; T = \/n = A/c). Thus it will receive a simi- 
lar voltage kick at every gap. During the reverse phase of each 
cycle the protons coast along through the field-free interior of the 
so-called “drift tubes.” The protons have a velocity of 0.1c as they 
enter the first gap and are moving at a final speed of 0.26c after ne- 
gotiating the 40-foot cavity. Thus the drift tubes become longer and 
more widely separated down the cavity in order to satisfy the ^A 
requirement for gap spacing. Alvarez achieves phase stability by 
utilizing protons entering at h (Fig. 12) and overcomes the axial 
spreading by stretching thin wolfram wire grids across the entrance 
to each drift tube. This changes the field as shown in Fig. 13c and 

effectively prevents defocusing, although the grids do intercept a small 
portion of the proton beam. 

The leader may wonder if it is possible to secure energetic electrons 
by this general method. The answer is yes, although the problems 
involved are somewhat different. For example, an accelerating elec- 
tron quickly approaches the velocity of light, and phase stability is 
no longer operative. On the other hand this is not crucial since it is 

wave pattern in coupled cavities 
with a phase velocity equal to c or load a wave guide so as to achieve 

the same phase velocity in a running wave. Neither is the absence of 

axial stability too important here inasmuch as the Lorentz contraction 

serves to make a long tube appear quite s hort to a relativistic electron, 

the apparent length being only V 1 - of the actual length. 

Three separate schemes as sketched in Fig. 14 are currently being 
studied for the linear acceleration of electrons. The first being de- 
veloped at M.I.T. by Slater involves a large number of resonant cavi- 
ties mutually coupled and powered by an array of synchronized mag- 
netrons. A standing wave pattern is set up within the cavities with 
the electric vector along the axis {TM mode). This pattern can be 
viewed as the superposition of two waves traveling in opposite direc- 
tions through the cavity array, each with phase velocity c. The elec- 
trons ride the crest of the wave, moving from left to right, while the 
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reverse wave, contrary to what might be expected, produces only un- 
important perturbations. Just as a stretc^ied cord can vibrate in 
numerous different ways, so can a series of resonant cavities be ex- 
cited in many different modes. The big problem here is to match the 
cavities so that the desired mode alone will be excited and all others 






1 10 . 14. Three schemes for tlie production of hipii-encrg.v electrons. The first 
may be viewed as a series of tiKhlly coupled cavities or ns a wave guide in 
wliich a standing wave is esiahlislu'd. Tlie second method involves a ru nn ing 
wave througli a loaded guide wliich reduces the phase velocity to c. The third 
scheme involves the ganging of uncoupled resonant cavities driven by amplifiers 
excited by a common oscillator. Proper jihasing is accomplished by means of 

phase shiftoi-s. 


suppressed. In operation 50- to 100-Kev electrons are introduced 
into the first cavity where the transition to relativistic speeds leads 
to an efTcctive hunehing. The electron bunch then moves down the 
tube witli velocity r, gaining in mass and consequently in energy. The 

word ponderalor has been suggested as a more suitable name for this 
tievice than tlie term accelerator. 

Figure l H; (lcpict.s the traveling wave scheme being used success- 
fully at StaiUurd aiul Harwell tOreat Britain) to produce energetic 
electrons. Ihe long cylindrical wave guide is loaded with circular 
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irises to reduce the phase velocity to c. Microwave energy is intro- 
duced at one end and absorbed at the other, so no energy is reflected. 
It is believed that a length of 50 feet can be fed efficiently in this way. 
Twenty-Mev electrons should be obtainable over this length when the 
wave guide is pulsed by a single HK-7T magnetron (750,000-kilowatt 
peak power). Figure 15 shows a 2-ineter experimental apparatus 
built by Fry at Harwell which has produced 15 microamperes of 4.2- 
Mev electrons. Hansen at Stanford was able to obtain 4.5-Mev elec- 
trons in a similar apparatus 9 feet long. 
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gun 
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Ionization 
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Fig. 15. Detailed sketch of a traveling wave accelerator wliich produces 15 
microamperes of 4.2-Mev electrons. Constructed by Fry et al. at Harwell, Great 

Britain. 


Figure 14c illustrates the method employed by Schultz at Yale to 
accomplish the same end. He utilizes a large number of resonant 
cavities in line though mutually uncoupled. A master oscillator drives 
an array of power amplifiers (X126P) at 600-kilowatt peak power, 
each of the latter serving to excite a single cavity. The highest oper- 
ating frequency for such an arrangement is 580 megacycles. A phase 
shifter between each amplifier and cavity permits the whole group to 
be properly phased. An energy increment of 1.2 Mev per stage is an- 
ticipated, and there is no theoretical limit as to the number of stages 
that can be ganged. 

Regarding the future role to be played by linear devices, it appears 
that their greatest utility will be in the Bev (billion electron volt) 
electron range. For lower electron energies the betatron and synchro- 
tron may prove more economical. The Van de Graaff machine, cyclo- 
tron, frequency-modulated cyclotron, and proton synchrotron appear 
to blanket the entire range of heavy-particle energies. 
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The betatron 

This device, the first successful apparatus for multiple acceleration 
of electrons, was announccci by Kerst in 1940 though others had specu- 
lated earlier on its possibilities. It has now been developed sufficiently 
by Kerst at the University of Illinois to yield 315-Mcv electrons. 
Two concerns, the General Electric Company and Allis-Chalmers, 
are producing commercial models. Though in age the betatron is 
years younger than the multiple linear accelerator, it is based on 
a principle as old as that of the transformer. In fact the trans- 
former principle is essentially the basis of betatron operation. The 
idea can be explained as follows: Suppose that we have an iron 
cylinder which can be magnetized by current through a surround- 
ing coil of wire. Assume a copper ring enclosing the cylinder, and 
imagine the field increasing. Everyone is familiar with the fact 
that an electromotive force is set up in the copper which causes a cur- 
rent to flow; such an induced current is quite commonplace. Now 
imagine the coiiper ring replaced by a frictionless tube into which an 
electron could be introduced while the field is increasing. This elec- 
tron experiences a force; in fact, such a force is the basis of the electro- 
motive force producing the current in the wire, and this force causes 
the electron to be accelerated. Now it will not matter how fast the 
electron is moving, or where it is; ju-ovided that it remains at the same 
radius from the cylinder, the force will i)crsist. The force on the elec- 
tron depends on the field strength at the orbit and the rate of change 
of the magnetic flux within the orbit. 


Suppose now that the magnetic field has a uniform rate of change 
*^01' Mooo second — a short interval of time. Suppose also, to make the 
matter definite, that the electric field strength exerted on the electron 


while the magnetic field is changing is 1 volt iier centimeter. This is 
1^00 clcctiostatic unit of electric field, so that the electron experiences 
a force of e/300 dyne. This produces an acceleration of e/300m cm 
per second per secotul, whicli the reader can easily verify for himself 
IS of the ortler of lO'’* cm per second per second. In Yiqoo second the 
electron is thus readily accelerated beyond the velocity of light, if its 
mass remains unaltered. However, as the velocity approaches that of 
light the mass of tlie electron increases, so that as a rough approxima- 
tion we can suppose that the electron is quickly accelerated to very 
neaily the velocity of light and stays at that figure for most of the 
liooii -'Second. It will therefore travel approximately 3 X 10* cm. Now 
an electron which falls this very considerable distance in a field of 1 
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volt per centimeter will acquire the very large kinetic energy corre- 
sponding to the charge times the field times the distance traveled 
which is easily seen to be 30 Mev. If, then, this kind of trick can be 

\\orked, the rewards will be considerable; it remains to exert a little 
ingenuity. 

If the reader is astute he wdll see that ingenuity is needed to solve 
two problems. The first is the obvious one of the frictionless tube; 
the second is the problem of focusing. Both these problems must be 
solved or the “induction accelerator” will be useless. The first is not 
so bad, because we know that an electron will move in a circular path 
m a magnetic field; all that we need is to find such a field that an 
electron will move in the same circular path while the magnetic field 
changes. Thus if we use electrostatic units for the charge on the elec- 
tron It can be shown that the momentum of the electron is given by 


Hre 

mv = 

c 



and if 0 is the magnetic flux enclosed by the circular path the tan- 
gential electric field is 



27rrr 



^ow m all these considerations we must remember that the mass 
of the electron is not constant; that mv, the momentum, involves both 
quantities as variables. If we remember this and write the momentum 
as p, then the second law of motion gives us 


eit> 

p = - — 

27rrc 



from winch we deduce that, if in a certain time interval the flux en 
closed changes frozn to the momentum developed will be 


e(0 — 4 > q ) 

p - po = 

27rrc 

which combined with equation 1 gives us 




Now if we consider the flux due to a uniform magnetic field H spread 
over the area of the orbit and call it A, we can write equation 5 as 


0 — 00 = 2(A — Ao) 


( 6 ) 
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which means that for a constant electron orbit of radius r the actual 
cliange in flux through the orbit must be twice that which would obtain 
if tlic magnetic field iiad its orbital value over the enclosed area. 
This is the well-known betatron 2:1 requirement, which can be realized 
by introducing an air gap or gaps in the central core. 

The problem of focusing is more difficult. The electrons travel a total 
distance of several hundred miles, yet we propose to direct them at a 
target little more than 1 sq cm in area. Such a stringent requirement 
would make the operator of a Norden bombsight shudder in dismay. 
However, it turns out that there is a tendency for the electron to follow 
a path which executes a damped oscillation about this stable circular 
path, provided the magnetic field near the orbit diminishes with radius 
according to II — ^ 1/r”, where n lies between and 1. 

The focusing conditions were worked out by Kerst and Serber. 
Guided by these, Kerst completed the first induction accelerator in 1940, 
which produced electrons of 2.3 IMev. Larger machines qiricklj’' fol- 
lowed. Figure 16a illustrates the basic structure of a conventional beta- 
tron. The electrons are injected into the vacuum chamber from a “gun*’ 
of the type familiar in beam power tubes. Under the influence of the 
guide field the electrons turn into the ecpiilibrium orbit where they 
continuously acquire energy as a result of the increasing flux within the 
orbit. One way of displacing the beam after acceleration involves a 
current pulse through auxiliary turns G, in such direction that the flux 
within the orbit is increased while the field at I'u remains unchanged. 
This causes the electrons to spiral outward, striking a metal target and 
generating energetic x-rays. If desired, the electron beam can be 
brought outside the accelerating chamber through a simple laminated 
iron channel, which provides a relatively field-free space. This permits 
the beam to be piped from the betatron to areas more accessible for 
experimental work. 


In orcler to secure economically the varying magnetic field needed in 
a betatron, the exciting coils are made the inductive part of a resonant 
circuit; that is, banks of condensers arc connected across the windings. 
The resonant circuit is coupled to a source of alternating current, the 
latter having to supply only enough power to compensate for PR and 
magnetic losses plus the minute amount needed to accelerate the elec- 


trons. In conventional betatron operation the electrons are injected at 
point 1 (curve accompanying Fig. 16a), at which time the fields both 
at and within the orl)it are passing through zero. The electrons are 


accelerated over a quarter of the 


magnetic cycle, reaching maximum 


energy at 2. 
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A modification known as direct-current biasing can be employed to 
permit acceleration over nearly a half-cycle. This is done by super- 
posing a direct current on the alternating current, the direct current 



(i>) 


Distributed bias 
windings 


(C) 




I 

Fig. 16. (a) Simplified sketch of a conventional betatron. The magnet must be 

laminated to overcome the perturbing effects of eddy currents in the iron. The 
adjoining plot shows how the magnetic field at the orbit (H) and flux density in 
the center (B) vary with time. Acceleration is carried out over one-quarter of the 
alternating-current cycle. (6) Sketch of a betatron equipped with bucking coils. 
The direct current in the bucking coils produces a flux which cancels that due to 
the mam coils within the orbit, but the two direct-current fields augment each 
other at the orbit. Here acceleration extends roughly over a half-cycle (c) 
Cross-sectional view of a flux-biased betatron. The ceniral core is direct-current 

biased almost to saturation in a negative sense. Unidirectional current pulses 
serve to energize this machine. 





7fi 


METHODS OF ACCELERATING ATOMIC PARTICLES 


l)ein‘r somewhat less tlian tlie crest value of the alternating current. 
Tlie final electron energy is imclianged since tlie total flux change from 
zero field to saturation is the same as above. However, tlie magnetic 
field swing is reduced almost by half, and since liystercsis in the iron 
accounts for most of the power loss in a betatron tlie total power con- 
sumption can be greatly reduced. 

If it were possible to cancel the direct-current bias flux within the 
orbit wliile retaining the bias field at the orbit, one could conceivably 
introduce the electrons while the central flux is near its maximum nega- 
tive value and remove the lx*am when the iron nears saturation in a 
positive sense. Tliis would effectively double the total flux change and, 
consequently, double the energy obtainable from a machine of given 
size. Tliis can be accomplished by adding “bucking coils” within the 
orbit, as depicted in Fig. 106. Tiie bucking coils are wound in oppo- 
site sense to the main coils, the direct -current-i>roduced fluxes can- 
celing in the central core but adding at the orbit. A blocking filter 
must be placed in the l)ucking coil circuit to jircvcnt the flow of in- 
duced current when tlie main coils are energized with alternating cur- 
rent. Tlie time variation of the magnetic fields is shown in the adjoin- 
ing plot. This scheme is known as field biasing. 

Kerst’s new betatron is depicted schematically in Fig. lOr. Here the 
magnetic circuits for the guide field and accelerating flux are sepa- 
rated. Instead of field biasing he employs what is termeil flux biasing 
to permit electron acceleration during the swing of the central flux 
from a high negative to positive value. The negative flux bias is pro- 
vided by direct current through the distributed bias windings. The 
accelerating flux is supplied by a unidirectional current jnilse through 
turns C . 1 he same pulse through A and backwound coil B produces 

the requisite guide field. A unidirectional current pulse is mandatory 
hero as opposed to alternating current, since the central iron is ini- 
tially biased almost to saturation and the negative half of an alter- 
nating-current cycle would seriously saturate tlie core. 

Of paiticular interest liere is the elimination of the air gap in the 
central core. In a conventional betatron this gap is essential to main- 
tain the 2;1 condition discussed earlier. 

In this machine one adjusts the scries guide field coils A and B and 
flux coil t’ so that the 2:1 coiulition is obeyed when the voltage across 
A plus B IS the same as that across C. The two sets of coils are then 
conncctetl in parallel. Thus any tendency to upset the desired condi- 
tion will induce a correcting current which automatically restores bal- 
ance. Tins concc[)t is descriptively titled flux forcing. By eliinina- 
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tion of the central gap one achieves a marked reduction in the power 
and iron required to generate the required accelerating flux. 

In the energy range beyond 300 Mev a serious limitation must be 
faced. This involves the radiation of electromagnetic energy bv the 
electrons. Whenever any body moves in a circular orbit it experiences 
a radial acceleration V“/r. Classical electrodynamics demands that 
an accelerated charge radiate energy. Thus the revolving electrons 
are radiating throughout the entire acceleration at a rate which turns 
out to be proportional to the fourth power of their energy. For heavy 
ions this effect can always be neglected. Even for electron energies 
below 100 Mev the effect is not large enough to be serious, but^ at 
higher energies it becomes appreciable, thanks to the fourth-jiower 
energy dependence. For example, the radiation at 300 Mev is 81 
times that at 100 Mev. Once the radiative effect is of consequence, 
the electrons no longer remain at the equilibrium radius but start 
spiraling inward. To understand this phenomenon let us agree that 
the flux change within the orbit has been sufficient to produce 350-Mev 
electrons. This means the field at the orbit will be such as to keep 
electrons of this energy coursing the same path. But if the electrons 
have radiated away 35 Mev of energy they actually possess but 315 
Mev. Hence the orbit field will be proportionately too strong, with 
the result noted above. Kerst finds it possible to compensate for this 
by imposing a correcting flux pulse at the orbit. Nevertheless it is 
believed that 500 Mev represents the maximum energy attainable 
with a conventional betatron. 

The 

This extraordinarily successful device employing the principle of 
multiple acceleration is the invention of Lawrence at the Universitv 
of California. For this work he was awarded the Nobel prize in 
physics for 1939. Deuterons of 22 Mev and alpha particles of 44 IMev 
have been produced by this machine. The mammoth new frequency- 
modulated cyclotron at Berkeley produces deuterons of 190 Mev. pro- 
tons of 350 Mev, and alpha particles of 380 Mev. The recently com- 
pleted Nevis (Columbia) frequency-modulated cyclotron turns out 
protons of 385 Mev. 

The heart of a conventional cyclotron consists of a large circular 
vacuum chamber, inside which are placed two hollow semicircular 
electrodes called *‘dees'’ because each is shaped like a capital D. These 
dees are situated with their straight edges parallel and about an inch 
apart, the unit forming an approximate circle when viewed from 



METHODS OF ACCELERATING ATOMIC PARTICLES 


above. Figure 17 shows a view of the chamber. The dees are coupled 
to a potent source of radio-frc€|uency voltage, usually through the 
intermediary of a coupling link, known as a clua^te^“^^ ave line. This 
line matches the impedance of the radio-frequency output to that of 
tlie dees, thus permitting optimum power transfer. The dees form 
the high-voltage end of the quarter-wave line. Ions are produced at 
the center of the chamber between the decs either by fast electrons 
from an open filament or by an enclosed capillary arc. The whole 

chamber is placed between the pole 
^ faces of a large electromagnet capable 

of producing a field in the neighbor- 

hood of 16,000 gauss. 

I Operation is as follows: The cham- 

1 \ \ evacuated to a pressure of ap- 

■ I J / proximately 10“® mm of mercury. Gas 

of the atoms to be accelerated is now 

introduced into the chamber. As just 

noted, a cone of ions is formed at the 

P, follows a spiral path under center of the chamber. Let us focus 
the inniient-c of suece.ssivc ac- our attention on one of these ions at 
(■derations across the gap be- the moment it is formed and follow its 
tween A and B. the two dees, subsequent motion. 

and a magnetic field perpondic- a ai i a h a • 

, ..11 / .1 .• Assume that at the moment it is 

ular to the piano of the motion. 

It is deflected by the deflector lurmed at P (Fig. 17) dee A is at the 
plate D and can emerge through negative Voltage peak of the rudio-fre- 
a window W. quency cycle and hence dee B is at its 

positive peak. The ion, being positively 
charged, will be drawn over to A and will pass into the hollow, field- 
free interior, acquiring a small velocity. Once inside the dee, the ion 
is unaware of tlic charge or change of cliarge on that dee. However, the 


magnetic field does act on tlie ion, exerting a force on it at right angles 
to its direction of motion. The mathematically minded reader will 
deduce immediately that tliis force will cause the ion to move in a 
circular path. If by the time the ion has completed a semicircle the 
dees have reversed cliarge, the ion will again be accelerated across the 
gap and enter the interior of B. Each time it passes from within one 
dee to the other the ion gains an increment of kinetic energj^ equal to 
its charge multiplied by the momentary voltage diflercnce between 
the two dees. A\ ith a liigh-power radio-frequency supply this dif- 
ference may he as liigh as 250,000 volts at the peak of a cycle. 
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One may calculate the radius of j)ath at any moment by equating 
the magnetic force on the ion to tlie mass times acceleration. In cgs 
units the force can be shown to be given by 


Hev 

c 

and the mass times acceleration is 



mv^ 


Here H is the magnetic field strength in gauss (emu) ; e is the ef- 
fective charge on the ion (esu) ; v is the linear velocity of the ion; r 
is the radius of curvature of the ion path; m is the mass of the ion; 
c is the velocity of light. 

Since by definition the angular velocity <0 is v/t, mass times accel- 
eration can also be written 


nujp'r 

(9) 

Combining expressions 7, 8, and 9 we find 


mvc 


r — 

eH 

(10) 

eH 


0) = 

rnc 

(11) 


The fundamental theory of the cyclotron, frequency-modulated 
cyclotron, synchrotron, and proton synchrotron is contained in equa- 
tions 10 and 11. Applying these to the cyclotron we observe from 
equation 10 the greater the velocity, the greater the radius of path 
the ion traverses. Thus as the ion gains energy (and consequently 
\elocity, since K.E. = through continued accelerations be- 

tween dees, it travels in ever-widening circles until it reaches the 
exit slit in dee A where it is pulled to one side by a deflector plate D 
charged to a negative potential of some 50,000 volts. Furthermore 
equation 10 tells us that, since all ions passing through the deflecting 
system have the same radius, they have the same velocity (assuming 
e and m the same for all) and consequently the same energy. 

Equation 11 informs us that the angular velocity of the ions is in- 
dependent of the linear velocity. In other words, an ion reQuires the 
same time to complete one revolution whether moving near the center 
oj the chamber or close to the periphery. This rather unexpected 
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result means that if the magnetic field is adjusted so that the ion re- 
turns to the dee gap on its initial half-circle to find the charges on 
the dees reversed it will continue to do so for each succeeding half- 
circle. Physically this condition that the time of one revolution be 
the same, no matter what the diameter of the circular path, can be 
understood by realizing that the faster an ion moves the farther it 
must go to ctmiplete the circle of greater radius. When the time for 
one half-circle is the same as that for one half-cycle (radio- 
frequency), the condition is spoken of as 
rei^ofuince. 

In a large cyclotron, even with a peak po- 
tential difference of 250,000 volts between 
Fig. 18 . Eloctrostjitic fo- the dees, a deuteron must make about 50 



casing in tl>e cyclotron. 
As tlie ion crosses the gap 
it gains speed and hence 
spends less lime in the 
neighborhood of the gap. 


revolutions within the chamber before it 
reaches the final energy of 22 Mev. This 
reiiuires that the ion travel over 100 me- 
ters from the time it is formed until it 


d'liis means that the elec- 
trostatic force temling to 
drive the ion in to the 
median plane before accel- 
eration is more effective 
than tliat tending to drive 
it away after acceleration. 
This produces a net focus- 
ing effect which is opera- 
tive in tlie early stages of 
acceleration. 


reaches the target. Although this is a far 
cry from the distance traveled in a beta- 
tron, at fii*st sight it might seem as though 
only a minute fraction of those starting out 
could survive sucli severe solid-angle limi- 
tations. However, two happy circumstances 
prevent this fact from having more than a 
slightly destructive efi'oet. The fii*st of 
these, electrostatic focusing (see Fig. IS), 


is identical to that present in an ordinary 
accelerating tube which was discussed previously. Since the voltage 
across the dees is alternating there is one basic difTerence between this 


case and that of the conventional accelerating tidie where the voltage 
dilleience is constant. Just as with the linear accelerator, ions entering 
the dee gap while the voltage is increasing will experience a net defo- 
cusmg action. Consequently only those ions crossing the gap while the 
voltage is decreasing will be focused into tlie median plane and thus 
aiipoar in the final beam. As the amount of electrostatic focusing is 
proportional to the ratio of the velocity across the first half of the gap 
to that across the second half, and as the energy increment is constant, 

us type of focusing will lose its effectiveness after a few revolutions 
of the ion. 


Dunng the later revolutions magnetic focusing is mainly responsible 
for eonvergmg the beam. This i>henomenon may be visualised by the 
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aid of Fig. 19. The magnetic lines of force between the pole faces are 
shown. Toward the periphery the field has a sizable horizontal com- 
ponent. Above the median plane this horizontal component is directed 
inward ; below, it is outward. By the motor rule it is clear that an 
ion moving clockwise as seen from above, and either above or below 
the median plane, will be forced back toward the middle by this hori- 
zontal field component. Although smaller in actual magnitude mag- 
netic focusing probably has a greater total effect than its electrostatic 
counterpart, since it is in operation throughout the whole circular path 
whereas the electrostatic is opera- 


tive only in the gap between the 
dees. So effective is the focusing 
in a cyclotron that the beam, after 
passing through the deflecting sys- 
tem, usually covers an area of not 
more than 1 sq cm. 

This feature of magnetic focus- 
ing, although practically indispen- 



s\ N 

Fig. 19. Magnetic focusing in the 
cyclotron. The curvature of the field 


sable for successful operation, be- of the pole pieces 

comes impossible of fulfillment in existence of components 

a conventional cyclotron when °i ^ 

j iULiuii wnen ag giiown. These components tend 
very energetic beams are desired. to keep the beam in the center. 
This is on account of the relativity 

change m mass of the particle as its velocity approaches that of light. 

hereas a l-i\Iev deuteron has an increase in mass over the rest mass 
of less than 0.1 per cent, a 200-j\Iev deuteron has a mass T1 per cent 
greater than its rest mass. A glance at equation 11 shows tiiat, if we 
are now to keep the frequency of rotation fixed, the magnetic field must 
increase as the ion moves outward, else the ion will get out of step 
with the radio-frequency field. There is no great difficulty in securing 
a radially increasing magnetic field experimentally, but when it does 
exist the favorable condition of magnetic focusing is lost, for the hori- 
zontal components become reversed and the beam is defocused. 

Nevertheless just prior to World lA'ar II Lawrence started con- 
struction of a 184-inch diameter cyclotron, hoping that through the 
use of radio-frequency dee voltages in excess of a million so few 
revolutions of the particles would be required that the defocusing oc- 
casioned by a radially increasing magnetic field could be tolerated. 
Whether or not this brute force scheme would have worked we will 
never know because while construction was at a standstill during the 
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war McMillan in the United States and Veksler in Russia inde- 
pendently showed that a controlled variation of certain phase-stable 
orbits could be utilized to provide a simpler and far neater solution to 
this problem. In fact this general concept applies equally well to the 
acceleration of heavy particles and electrons and is so powerful that 
one is now able to design machines in the Bev region with full confi- 


dence of success. 

To gain an understanding of this idea let us consider what would 


happen in the 184-inch cyclotron 



Fk;. 20. Grapli illustrating cfTect of 
increased particle mass on resonance 
conditions in a cyclotron. One com- 
plete cycle of the radio-frequency 
field is shown. Successive cycles may 
he imagined superposed on the first. 
Particle cro.ssing initially at crosses 
‘R t< 2 , /3. t etc., as its mass increases 
until it is trapped into equilibrium 
orbit at l^. Slow decrease in field 
frequency as indicated by the dotted 
lines increases equilibrium energy 
adiabatically. In this way energies 
beyond 200 Mev may bo obtained. 
Tliis is the principle of the freqiiency- 
modulated cyclotron. 


if we paid the matter of increasing 
mass no heed. Adopting a constant 
value of // = 15,000 gauss we find 
from equation 11 that the oscil- 
lator frequency for deuterons 
would be 11.5 megacycles. Refer- 
ring to Fig. 20 it is clear from our 
previous discussion that those par- 
ticles crossing the dee gap during 
the shaded portion of the first half- 
cycle will be focused into the me- 
dian plane. It will now be shown 
that, contrary to the linear accel- 
erator case, particles initially pass- 
ing the accelerating gaps during the 
shaded part of the radio-frequency 
cycle also possess phase stability. 
Consider a particle crossing at 
time ti. So long as its velocity is 
well below that of light its mass 
will not change and it will continue 
to reach the gap at a correspond- 


ing time during succeeding cycles. 
But once its mass begins to grow due to increased linear velocity, equa- 
tion 11 reminds us that its angular velocity will decrease. Thus it 
will reciuire slightly longer to complete a circle and will reach the gap 
at a later time It will still he accelerated under these conditions, 
but the voltage kicks become smaller. The relative times of arrival 
during suh«.(|uent cycles will he f,, t,, etc. Finally the time will come 
M len t le ion ciosses the gap at t„. But at this instant there is no 
voltage dillerence between tlie dees and the ion receives no kick. If 
Or some reason it Imppeneil to cross at a still later time f, it would 
e decelerated since the field is here reversed. This would effectively 
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deciease v and in and increase w, and the next gap crossing would be 
shifted back toward tc. In other words, the tp condition represents 
an equilibrium orbit in which the particle is imprisoned. Consequently 
under the conditions stated above no beam would ever reach the de- 
flector plate but at some intermediate path radius there would be a 
circulating beam of dcuterons trapped in this equilibrium orbit. Wliat 
Veksler and McMillan effectively showed was tliat if the energy as- 
sociated with this orbit were changed adiabatically by varying either 
the magneUc field or the oscillator frequency the particles circulating 
in this orbit would automatically keep in step with the change (pro- 
vided the change were slow compared to the time required for the 
particle to make a revolution) and thus particles could be accelerated 
to very high energies irrespective of any change in their mass. 

Three new types of accelerator embody this idea: (1 ) the frequency- 
modulated cyclotron, (2) the synchrotron, and (3) the proton syn- 
chrotron. Since each accomplishes this end in a different manner we 
shall discuss their operation in some detail. 

Frequency-modulated cyclotron 

Suppose in the above situation we decrease the oscillator frequency 
by a small amount. This is indicated by the dotted lines of Fig. 20. 
The particles now find an accelerating field waiting. They gain 
energy and move in a larger circle, their angular velocity decreases 
slightly, and soon they have an arrival time hovering around i/. This 
trick can be repeated over and over. In practice the frequency is de- 
creased smoothly, tlie equilibrium orbit expanding to larger and larger 
radii with the ions following obediently, attaining higher and higher 
energies. Finally the ion pulse reaches the periphery of the dee where 
it may be directed against a target. We must now return the fre- 
quency to its original value, trap another bunch of ions, and repeat 
the trick of frequency variation. By repeating this process over and 
over we are able to produce a stream of ions with energies undreamed 
of in the days of regular cyclotrons. At the University of California 
the radiofrequency has been modulated up to 2000 times a second by 
means of a rotating condenser in the dee line. This means we get only 
2000 ion bursts per second instead of the 20 million obtained from a 
conventional cyclotron. The picture is not quite so dark because the 
ion bursts in the frequency-modulated machine are larger. Still it is 
calculated that a frequency-modulated cyclotron will produce time 
average beams only 5 per cent of those from a normal cyclotron. 
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However, one willingly sacrifices numbers in order to secure the much 
greater energies. 

It will be instructive to calculate the final mass and energy of the 
deuterons in the example discussed above. To do this we must write 
equations 10 and 11 in their relativistic form, i.e., replace m by 
w,,/ V 1 — /f" where mo is the rest mass of the particle and ^ = v/c. 
Equation 10 becomes 


V\ - 



Solving for 



(Her)^ 


Her 

+ (Her)^ 



Equation 11 becomes 

Vl - 0^eH 

w = (14) 

nioc 

The final ion radius in the 184-inch California cyclotron is 81 inches = 
20(> cm. Putting this value in equation 13 and assuming 11 = 14,300 
gauss at the dee edge (the field is made to decrease radially to improve 
magnetic focusing, which in turn eliminates the need for electrostatic 
focusing and permits the use of a single dee, a welcome simplifica- 
tion), we find fi- = 0.186 or ^ = 0.432. Thus the deuterons are travel- 
ing at almost half the velocity of light. Their mass is now 


m — 


77)0 


777o 


V\ - 0 ^ Vl - 0.18G 


= 1.1077«o 


or 10.7 per cent greater than the rest mass. According to the Einstein 

law the total energy pos.se.sscd by a moving particle is /nc“. This can 

be bioken down into rest mass energy (moc-) and kinetic energy. 
Thus 


7nc^ = moc^ H- K.E. (tl5) 

and 

= '"O'-' ( vT^ - 0 

Putting the approi^iatc values in equation 15a leads to a figure of 200 
i\lcv for the kinetic energy of the deuterons. 

To find the amount of fref|uency modulation needed we use equation 
14. At the start of acceleration ^ = 0 and equation 14 becomes 
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ell 

Wo — 27r/o = (16) 

VIqC 

Dividing equation 14 by equation 10 gives 

- = Vl - = 0.905 

/o 

Thus the frequency must decrease around 10 per cent or from 11.5 to 
10.4 megacycle.s. A decrease of 16 i^er cent is actually used at the 
University of California in order to keep on a fairly straight portion 
of the frequency-time curve. Helium ions and protons have also been 
accelerated in the 184-inch machine. The following table lists the 
pertinent information on these particles calculated as above. A com- 
parison between the frequency modulated and conventional cyclotrons 
is given in Fig. 21. 


H (gauss) 


Particle 

Center 

Edge 

(cm) 

Deuteron 

15,000 

14,300 

206 

Helium ion 

15,000 

14,300 

206 

Proton 

15,000 

14,300 

206 


h 



K.E. 


(mo) 

0 

m 

(Mev) 

///o 

11.0 

0.43 

1 . llmo 

200 

0.905 

11.5 

0.43 

1 . llwo 

400 

0.905 

23.0 

0.69 

1 .38wo 

355 

0.726 


/ 

(me) 

10.4 

10.4 

16.7 


•To radio frequency 


Rctair variable 
condenseir 







Fig. 21. 


Conventional Cyclotron Freguency-Modulatcd Cyclotron 

Operation of conventional cyclotron contrasted with that of a fre- 
quency-modulated cyclotron. 


Diameter 
Number of dees 

Maximum energy (deuterons) 
Alaximum energy (helium ions) 
Magnetic field 
Radio frequency 
Radio-frequency voltage on dee 
Radio-frequency power 
Total revolutions for ion 
rime for ion acceleration 
Beam current 


Conventional 

Cyclotron 

60 inches 
2 

22 Mev 
44 Mev 
15,000 gauss 
Constant 

50.0CH>-200,000 volts 
100 kilowatts 
50-200 

10 microseconds 
100 microamperes 


Frequency-Modulated 

Cyclotron 

184 inches 

1 (grounded tank replaces 
other dee) 

200 Mev 
400 Mev 
15,000 gauss 
Variable 

15.000 volts 
18 kilowatts 

10.000 

1000 microseconds 
0.6 microampere 
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The synchrotron 

As has been stated, the principle of phase stability also governs the 
operation of the synchrotron. However, since the synchrotron is de- 
signed to produce high-energy electrons as opposed to protons, deu- 
tcrons. and the like, there are differences between the synchrotron 
and the frequency-modulated cyclotron in construction and operation. 
A 300-AIev electron possesses a mass of 600mo (electron rest mass) 
whereas a 300-Mev proton has a mass of but 1.38 /Ho (proton rest 



Fro. 22. Loprithmic plot showing the variation of vfc, i.e., for the four 
fharged projectiles commonly used in nuclear bombardment work. Of par- 
ticular interest is the fact tliat for energies in excess of 1 Mev the electron 

moves esscnlially at I lie velocity of light. 

mass). Inasmuch as the relative frequency variation in an equilib- 
rium orbit accelerator must be equal to the relative mass change this 
would call for a 600-fokl change in frequency for the 300-jMev elec- 
tron, a feat not currently possible. However, equation 11 informs us 
that increasing II would be just as satisfactory for maintaining res- 
onance as decreasing /(„ = 2,r/), and this is just what is done in the 
synchrotron. 

Another chfTerence in the two devices lies in the relative magnet 
geomc ly. igure 22 plots the variation in velocity with energy for 
c cetrons and three heavier particles. If it is recailed that the path 
rar lus is a{mv/II\ it is clear that the orbit of a proton, deuteron, or 
lelium ion m a frequency-modulated cyclotron shows a large change 
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Fig. 23. (a) Cutaway sketch to show the main construction features of a syn- 
chrotron. A and A' are views of laminated iron C-shaped magnet sections 
which are joined together to supply the necessary field. The magnet is ener- 
gized by a 60-cycIe current through coils F which are a part of a resonant LC 
circuit. The flux bars J bridge the open face of the magnet and carry the 
magnetic flux wliich produces the initial betatron acceleration. The doughnut 
accelerating tube is made from many elliptical Pyrex tube sections D joined 
together with rubber gaskets. The tube is evacuated by diffusion pump L. 
E is the electron gun and M the target. {The Cornell Engineer, December 
1948, p. 11.) (6) One section of P^^rex tube may be silver coated as shown to 

form the radio-frequency resonator (not pictured). Longitudinal scratches in 
the coating prevent eddy currents which would distort the field within the tube. 
Voltage multiplication at the acceleration gap may be obtained by feeding in 
the radio frequency near the grounded end of the quarter-wave section. 
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in radius over the full acceleration. Consequently a large frequency- 
modulated cyclotron magnetic field area is mandatory. On the other 
hand, if H varies with m so that m/H is constant, an electron will 
experience practically no change in orbit radius in going from, say, 
2 i\Iev to 300 Mev. Furthermore it should be remembered that a beta- 
tron accelerates electrons from low energy to the IMev range at a con- 
stant radius. Hence if we could devise things so that the synchrotron 
operated initially as a betatron it should be possible to get by with 
a lightweight ring-shapetl magnet. This is most desirable because the 
magnet normally represents a major cost item in the construction of 


a circular accelerator. This idea has j)roved quite successful, and most 
synchrotrons built or being built operate in this manner. In fact, a 
synchrotron difTers from a betatron in only two main features: (1) the 
synchrotron requires only a slight amount of magnetic flux inside the 
electron oi bit, and (2) it has a radio-frequency electrode in the dough- 
nut which serves to b{)ost the electrons to high energy after the beta- 
tron action has spent itself. Figure 23 illustrates the general appear- 
ance of a synchrotron. Operation is as follows: A pulse of 30- to 60- 
Kev electr{)ns is injected into the doughnut as the magnetic field 
passes through zero. These electrons are quickly accelerated to 2 Mev 
by the betatron principle, at which point the flux bars become satu- 
lated even though tiie field through the doughnut continues to rise. 
The radio-frequency oscillator is now turned on, and the electrons 
receive an increase in energy each time they cross the radio-frequency 
electrode gap, their velocity remaining constant at c but their mass 
becoming greater. Since the time per revolution should not vary, the 
oscillator frequency is likewise constant. To visualize how the prin- 
ciple of phase stability functions here we refer again to equation 11 
which can be written 


tVi 


Vi I c 


Cli t. 


inc 


me 


me me^ E 

Here is tlie kinetic energy of the electron, provided we ignore its 
,^-Mev rest mass energy. If // increases faster than E, ^ will increase 
e ec ion moMng to a smaller orbit), and the electron will reach 
^ le gap early next time around and receive a bigger' kick (Fig. 20). 

eften^n?'' V obtains. In any 

'llf H ! I maintaining Il/E constant. 

will he o'nnnl'”* time for one revolution 
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= megacycles 

Putting this value in equation 17 and assuming a final magnetic field 
of 10,000 gauss we obtain for the final energy 


(4.81)(10-^®)(10,000)(3)(10'^) 

(27r)(47.7)(10'')(l.C)(10'‘^) 


300 Mev 


Several 300-Mev synchrotrons are now operating successfully. 
Since the principle of phase stability is able to compensate for energy 
ladiated by the electrons so long as the amount radiated is small cora- 
jiaied to that gained per turn, it is quite possible to envisage such ma- 
chines operating in the Bev area if the demand for such energetic 
electrons or gamma rays arises. One such project is currently under 
way at the California Institute of Technology under the auspices of 
the Atomic Energy Commission. Otherwise, however, this energy re- 
gion is being assaulted by a heavy particle accelerator which is a 
combination frequency-modulation cyclotron-synchrotron machine and 
which answers to the name proton synchrotron, bevatron, or cos- 
motron, depending on the scientific circle in which one moves. 


Proton synchrotron 

Primary cosmic rays are predominantly protons with energies in the 
Bev range, and the phenomena they cause are intriguing. At present 
they represent our most productive source of knowledge concerning 
nuclear forces. Thus a machine which would produce 5- to 10-Bev 
protons in quantity has been the dream of nuclear scientists for years. 

At first sight the engineering problems associated with a 6-Bev pro- 
ton accelerator stagger the imagination. If we write equation 10 as 

r = mc-^/eH and substitute equation 15 for me- and equation 13 
for we get 


^(K E. + 



Substituting in equation 18 values appropriate to a 6-Bev proton 
(assuming H = 15.000 gauss) we find that r = 1530 cm or 50 feet. 
Not even the most enthusiastic cyclotroneer would seriously consider 
a frequency-modulation cyclotron magnet 100 feet in diameter. So 
we must try some other approach. The synchrotron scheme involving 
a thin ring magnet would be most attractive here since even a diame- 
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trr of 100 feet would not be in5urinountaI)le. But there is one big 
diflieulty to I)e faced. Tlie synchrotron electrons move with a constant 
velocity r (hroiigiiout the whole radio-fretiuency acceleration, whereas 
even at I Bov a j)roton is appreciably below c and it is still accelerat- 
ing, However, this problem was solved in the fre{|iicncy-modulated 
cyclotidii by varying the oscillator frecpieMcy. So it all boils down 



Fio 2P/. I hr Kiniit hrvalron now nndrr constniftion at the University of 
a ifoinia. finam-rd l>y the Atoinir Knergv Coniinission. It is ant icipated that 
iiMnsttinnenI will pro.luee piolons with energies as liiu'li as 6 Rev. A somewhat 
sina <‘r proton syn. liiolnn of this type is lu•in^^ built at the Hrookliaven National 
Lahoiatory. (( ourte>y Radiation Laboratory. University of California, and U. S. 

Atuinie Energy Commission.) 

to tlic fact tliat a (i-Hev pniton aeci'liT. tor is tt'clinically possible if 
we are williui; and able to vary both inagnetie fieUI and freiiucncy. 

iree inaelnnes designed to operate in tins manner are a 1.3-Bev 
ms rinnent at Hirndn-bam I niversity in (beat Britain, one rated 
ioi 3-Bev at the Br.iokhaven National Laboratory, and a 6-Bev 
'y lnne .-d the 1 niversdy of ('alil'ornia. The latter two are being 
maneed by tiu' Atoime Knergy t’o.nndssioit. Figure 24a pietures a 
scale mo.lei ol the hevatron and gives an idea as to how it will look 
ulien completed. ,S„ne vital statistics on the California bevatron 
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may be of interest. The magnet will consist of four 90-degreG annular 
segments disposed so that the proton orbits are quarter-circles con- 
nected by straight sections. The orbit radius will be roughly 48.5 



Fig. 24b. Cutaway sketch of the bevatron. showing the disposition of the various 
components. The protons will be given an initial acceleration in the linear ac- 
celerator and then turned into the racetrack-shaped accelerating tube where they 
will be speeded up to their final energy. (Courtesy Radiation Laboratory, Uni- 
versity of California, and the U. S. Atomic Energy Commission.) 

feet, and the length of the straight sections will be 20 feet. The 
rectangulai tube in which the ions move will have usable cross-section 
dimensions of 24 inches (vertical) by 72 inches (horizontal). Magnet 
power will be furnished by a motor generator with a large flywheel 
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attached. ^Vhen the magnetic field is increasing, energy will be taken 
from the flywlieel and stored in the magnet. AVhile the magnetic field 
IS decrea.<ing, the generator will act as a motor and return energy to 
the flywheel. In this way one has only to supply enough outside 
power to make up for the magnetic, mechanical, and 1~R losses in the 
system. To initiate operation a pulse of protons, accelerated to 10 
Mev in a linear accelerator, will be fired into the bevatron tube when 
the magnetic field rises to some 300 gauss. The electric field between 
a pair of curved inflector electrodes will serve to turn the protons so 
their path is tangent to the bevatron orbit. Radio-frequency power 
will now be applied to the accelerating electrode, the frequency being 
0.4 me. Both magnetic field and resonator frequency now rise in a 
controlled manner, phase stability sufficing to keep the protons in 
synchronism. When the frequency reaches 2.5 me the magnetic field 
will have a value of 9S00 gauss and the protons will be moving with 
an energy of roughly 3.7 Bev. Initially it is planned to operate the 
bevatron at this energy. Later, modifications will be made to allow a 
maximum magnetic field of 15,000 gauss, which with a higher resonator 
frequency will permit the attainment of 6 Bev energy. It is esti- 
mated that each final pulse will contain about 10*" protons, about 5 
per cent of those starting the long 270.000-mile circular journey. The 
acceleration time will be roughly 1.75 seconds, and the machine will be 
pulsed 10 times per minute. The average beam current will be minute 
compared to the output of low-energy machines but tremendous in 
contrast to the average flux of cosmic rays reaching any spot on earth. 

le reader may wonder at the confident manner with which we 
write of something which at the moment (1950) has not come to pass. 
Oui faith IS indeed well founded. A quarter-scale model of the beva- 
tron has airemly been constructed at California, and it operated pre- 

cisely as predicted In betting parlance the bevatron certainly looks 
like a ‘ sure thinir 


with vS «rtillcr 

s So CO I T on the nu 

0 eus. Space docs not pernnt a discussion of several other device 

^ the nonferro.nagneti 

. Mclnotron (v herein the requisite magnetic fields are produced b' 

a>. core coils carrying tremendous momentarv currents) the micro 
P.omise hut have not yet demonstrated their ability to compet 
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with the foregoing accelerators. Perhaps in the future they will take 
their place on the firing line. With such formidable weapons at our 
disposal it seems a certainty that the nucleus must soon yield up its 
innermost secrets. 
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5 ‘ Transmutation 


Today over a thousand nuclear reactions are known, an astonishing 
development since the first artificially induced nuclear reaction in 
1919. The long-awaited flower of alchemy has broken into full blos- 
som in two decades. This abundance of reactions calls for some sys- 
tematization, correlation, and explanation; in fact, it calls for the 
development of the new subject of nuclear chemisti'y, and in this 
chapter we intend to present the rudiments of that subject. 

In the first chapter we introduced the idea of transmutation and 
illustrated it by describing some of the pioneer work of Rutherford, 
Blackett, Chadwick, Curie, and Joliot, who employed natural radio- 
active sources to provide bombarding projectiles. The technique of 
artificial acceleration described in Chapter 4 and of the chain-reacting 
pile described in Chapter 11, has put transmutation on a totally dif- 
ferent plane, for now in place of alpha particles as primary bom- 
barding agencies we have neutrons, protons, dcuterons, and mesons 
available in overwhelmingly greater numbers. It is not surprising 
that so many new transmutations have been discovered in so short 
a time. We intend to discuss transmutations by all these particles, 
as well as by neutrons and gamma rays, but first we propose to con- 
sider a feature of nuclear reactions common to all, and of the greatest 
importance, namely, energy relationships in reactions. 

Suppose that we write a reaction in ordinary chemistry: 

21 12 -I- O2 ^ 2II2O 

The chemist is not content until he can add to this equation a term 
expressing the gain or loss of heat in the process, the “heat of reaction.” 
Such an eejuation then reads 


2II2 + O2 — > 2II2O -h 136,000 calorics 

which moans that wlien two gram molecules of hydrogen and one of 

oxygen combine witli water as the final product 136,000 calories are 
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evolved. Heat may also be absorbed, and the evolution or absorption 
of heat is described by the self-explanatory terms exothermic or endo- 
thermic reaction. If a chemical reaction is exothermic the temperature 
of the molecules rises; if endothermic, the heat needed is supplied 
from the molecules by their fall in temperature. Temperature in turn 
means the energy of motion of the molecules. Now in the same way 
we may write an equation: 

sLi^ + iH' 22He^ 

which refers to the bombardment of lithium by protons with the evolu- 
tion of helium. Like the chemist we are still not satisfied until we add 
a term analogous to the heat of reaction, a term called (for want of a 
better) “nuclear energy change,” and universally represented by the 
symbol Q. This representation has become so widely accepted that 
“nuclear energy change” and “Q value” are synonymous. The equa- 
tion then reads 

sLi^ + 22He^ + Q (Mev) 

and again we keep the terms exothermic or endothermic for reactions 
in which Q is positive or negative, respectively. 

Let us now suppose that Q is positive, or that in the reaction energy 
is released. Why is there this release of energy, and where is the seat 
of the energy whence it came? The answer is similar to the answer in 
chemistry. The new product is more stable than the two former con- 
stituents separately; the particles are more tightly bound together, 
and this means that in lithium and hydrogen separately we have a 
surplus of energy over the combination to form two helium nuclei. 
The nuclei of lithium and hydrogen are supplied by nature with energy 
to spare — xvhij we have yet to discover, but it is so — and our setting 
off the reaction has liberated the energy that was already available. 
The energy liberated in a large Q value is the “atomic energy” that 
has been discussed so much in popular literature since 1920. 

Balance sheet of mass and energy 

The reason why “atomic-energy release” is so sensational a subject 
is the enormous magnitude involved as soon as we consider these nu- 
clear reactions in terms of their chemical analogues. Thus, when 4 
grams of hydrogen and 32 of oxygen combine, 136,000 calories, a fair 
amount, is released. Yet the combination of 7 grams of lithium and 
1 of hydrogen would release roughly 5 billion calories, a stupendously 
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greater amount.* Tins greater release of energy per atom gives the 
physicist a heafl start on the chemist, for it means that he can, by a 
physical measurement to be described, predict the energy change in 
any reaction whatever. He can, for example, predict that the reaction 

+ 2He^ -> 7 N*" + iH' -f Q 

will have a large negative Q value and hence will not proceed unless 
the bombarding alpha particles (He^l are extremely energetic. This 
physical measurement is simply the mass of each of the atoms con- 
cerned. According to the theory of relativity there is a relation be- 
tween the mass a body possesses and its energy; to the ordinary energy 
must be added the quantity me-, where in is the mass and c is the 
velocity of light. Ordinarily this term appears equally before and 
after some change and so may be subtracted out or not even included, 
but where there is a heavy release of energy in a nuclear reaction 
the release is at the expense of mass and linked to it by the equiva- 
lence relation 

E = mc^ 


In the years from 1922 to the present day, ]>hysicists, notably Aston, 
Bainbridge, and Dempster, have developed methods of measuring 
atomic masses with great refinement. Thus it is well known that the 
atomic weights of most elements arc not whole numbers, a fact par- 
tially accounted for by the simultaneous presence of isotopes of differ- 
ent atomic weight in the same clement. The entire deviation from 
whole numbers is not due to this cause, for accurate measurements 
show, for example, that the “atomic weights” of the isotopes Li^, He*, 
and H’ are 7.01818, 4.003S9, and 1.00813, respectively. These atomic 
weights refer to the masses of a si>ecific number of atoms, the number 
in a gram atom, and to obtain the actual mass of a single atom of these 
isotopes we need to divide by the number of atoms in a gram atom. 
\\ hen this is done we find that the mass of a single atom of an isotope 
oi “atomic weight” unity is l.liG X 10”“^ gram. The mass of a single 
atom ol Li^ is then 7.01S18 X 1-06 X 10“-^ gram. Now, if we con- 
sider the balance sheet of mass in the reaction below, where the actual 
masses ol the atoms taking jnirt are written in, we see that mass is 
not conserved. 

* I lioro is a diffi'icnco bciwi'on tlio nuclear reactions produced by bombard- 
ment- and chemiial reactitms as ordinarily tliotiplit of. Cliemistvy is a statistical 
process of renclicnis wliicli can i;o at onlinary temperatures. Except in a few 
in.staiice.s', in .'-^(nr.s and the atomic bomb, this type of statistical process 

is not iiu'ohcd in nuclear reactions. 
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Li" + H' 

7.01818 X 1.66 X \ 0 ~-* + 1.00813 X 1.60 X 10“-^ 

I 

8.02631 X 1.66 X 10“-’* 



2He^ 

2 X 4.00389 X 1.66 X 10“-* 
8.00778 X 1.66 X 10“^* 


The two sides do not balance; there is an excess of 0.01853 X 1 06 
X 10““^ on the left-hand side. This is a loss of mass in each indi- 
vidual reaction of 3.16 X 10 gram. According to our energy rela- 
tion E = 7nc^, we therefore expect a release of energy of 3.16 X 10““*^ 
X (3 X 10^*^)“ or 2.76 X 10“^ erg per individual I'eaction. Expressed 
in terms of the energy to accelerate an electron to the same energy this 
is 17 Mev. We therefore are led to expect as a result of the reaction 
that each helium nucleus will acquire or 8.5 Mev as a result of 
the reaction, and since to a definite energy of a helium nucleus there 
is a definite range we expect to find helium nuclei (or “alpha par- 
ticles”) projected with a range of 8 cm in air, the value appropriate 
to 8.5 Mev. This is accurately verified, and the verification is one of 
the greatest triumphs of the theory of relativity. 

We now have a beautifully compact means of expressing the poten- 
tialities of a nucleus for energy evolution — its mass. This fact has 
given great impetus to the measurement of nuclear masses, and the 
gradual compilation of a comprehensive table of all nuclear masses 
is one of the tasks that lies ahead of the physicist. To illustrate the 
use of masses we give here a shortened table of masses of neutral 
atoms.* 



1.00812 

Li® 

6.01690 

n' 

1.00899 

Li’ 

7.01804 


2.01472 

Be® 

8.00777 


3.01704 

Be® 

9.01497 

He^ 

3.01701 

Bio 

10.01605 

He^ 

4.00389 

B“ 

11.01286 


AVith these the reader can see, for example, that two deuterons may 
collide with the release of either and or He® and nh Both 
reactions are known and are very prolific. He can also see that Be® 
is almost exactly equal to two He^’s or two alpha particles. In fact, 
Be® is probably unstable for the reason that it can split up into two 
alpha particles. An interesting diversion is to use the table to cal- 
culate the energy release in any reaction one cares to invent and test 
whether the transmutation could be made to go. 

For convenience in using tables of masses two conversion factors are 
given here. 

* A table complete, so far as is now known, is given in Appendix 6. 
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0.0011 “mass unit” = 1 Mev 
1.6 X 10“^ erg = 1 Mev 

Then, for example, the reaction produced when is bombarded by 
deuterons to give B** and a proton can be treated thus: ^ 

10.01605 + 2.01472 11.01286 + 1.00812 

Total 12.03077 12.02008 

Balance = 0.00979 on the left-hand side, indicating an energy release 
of 9.1 Mev. This has been observed to be the fact. 

It should be noticed that the masses of neutral atoms are given. 
This is convenient for workers with mass spectrographs and is no 
trouble to the nuclear physicist. The electrons which must be added 
to a nucleus to form a neutral atom will always balance out if we 

neglect all electrons, with one ex- 
ception, the emission of a positron. 
Thus, for example, in the reaction 
above, B*® has five electrons, 
one, making a total of six, while 
B" also has five and one, also 
totaling six.' Or, again, suppose 
that we consider the radioactive 
decay of C''*: 

QU ^TU g- 

C*"* has six electrons, N*"* seven. 
Now if we take the difference in 
mass between these neutral atoms 
we have already included in the 
balance sheet the additional electron; the fact that a fast beta par- 
ticle leaves the C'^ and an additional electron is attracted from out- 
side to neutralize the newly formed N*^ is immaterial. For greater 
clarity let us take the very simple example 

IP He3 ^ e- 

What actually occurs is indicated in Fig. 1 at A, The dotted lines 
indicate a vacant space to be filled by an electron. If we consider the 
change to be as in the figure at B we have included all the particles 
taking part quite adequately; any difference of mass will then tell us 
what energy is available. This energy is divided between the fast- 
movmg beta ray and the incoming neutralizing electron, but the latter 


@ 




Fie. 1. The use of mas.srs of neutral 
atoms to determine enerpy ehimpes. 
The neutral atom formed ns indi- 
rnted in B is equivalent to the actual 
proce.ss in which an electron is 
evolved and possibly lost, as at A. 
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is a few electron volts only and hence may be neglected. The emis- 
sion of a positron, however, is different. For example, in the reaction 

the nitrogen has to lose first a positron and also an electron in an orbit, 
or pictorially the process is as shown in Fig. 2. We must therefore add 
two electron masses or 0.0011 mass unit to the right-hand side or 
else we shall predict too great an energy for the positron. It is useful 
to remember that this correction is 1.02 Mev or very nearly 1 Mev. 

To summarize about energy 
relations and atomic masses, we 
may say that if we consider any 
reaction we can predict the en- 
ergy release in million electron 
volts if we find the difference be- 
tween the neutral atom masses 
and use the conversion factor 
from mass units to million elec- 
tron volts. If a positron is emit- 
ted it must be treated as costing 
0.0011 mass unit or 1 Mev extra. 

Nuclear reactions in general 

Having seen how a nuclear 
physicist predicts the energy lost 
or gained in a nuclear reaction, 
let us now see how the reactions 

are actually made to go. We have already mentioned that an establish- 
ment equipped with a moderate-sized accelerator has available the fol- 
lowing projectiles: protons, neutrons, deuterons, and alpha particles. A 
chain-reacting pile (or nuclear reactor) makes available very large 
-numbers of neutrons. In addition gamma rays also can cause trans- 
mutations. One can therefore readily see that many kinds of com- 
binations are possible and that a complete description of every reac- 
tion would need several volumes. To the person who, like the writers, 
recoils from such a massively detailed subject we can offer some solace. 
In the first place almost any energetically possible reaction can be 
made to go. It seems to be only a matter of relative yield, and yields 
do not vary among one another very greatly except for rather easily 
predictable reasons. Thus with his table of masses the reader can, if 



Fig. 2. Tlie transition from radionitro- 
gen, N13, to stable carbon, shown 
schematically to illustrate the correc- 
tion to be made to the masses of the 
neutral atoms when a reaction in which 
a positron is emitted is considered. The 
change itself ejects a fast positron, leav- 
ing an atom capable of holding one less 
electron. Additional mass equal to that 
of the positron and the electron must 
therefore be available to make the proc- 
ess go. In the balance sheet this means 
0.0011 mass unit on the right-hand side. 
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he wishes, decide for himself whether a reaction can take place and, 
if encrg>' will not permit it, discard it. In the second place, since there 
is a close similarity between tyj^cs of reactions, a little study of a few 
categories will be repaid by a reasonably good understanding of the 
whole subject of nuclear chemistry. 

It is a temptation to list here a series of categories of nuclear reac- 
tions and then to spend the rest of the chapter discussing them. First, 
however, we slnmld like to point out that one must keep in mind at 
once both the nature of the incident particle and the product-ejected 
particle. For example, one can see that, if a deuteron (mass 2.0147) 
strikes a nucleus and causes a reaction in which a proton (mass 
1.0081) is ejected, there will in general be a release of energy unless 
the bombarded and product nuclei have a distinctly unfavorable mass 
difference. We thus expect this type of reaction to be commonly 
found, and it is. On the other hand if an alpha particle (mass 4.0039) 
ejects a neutron (mass 1.00S9) there will be an absorption of energy 
unless the bombarded and final nuclei have a favorable mass differ- 
ence. \Vc therefore expect this type of reaction to be less commonly 
found unless the alpha particles are very energetic, a conclusion which 
is nearly true. It is not quite true, as there is, in the lighter elements, 
a favorable mass difference which helps this type of reaction. 

To aid in considering the in-and-out nature of a nuclear reaction a 
compact notation has been devised as follows. The bombarded ele- 
ment is placed before parentheses, the projectile just inside, the ejected 
particle next, and finally after the parentheses the product element. 
Thus Rutherford’s pioneer reaction 


He-* + -> 0^^ + H* 


is written: N''*(ap)0*^. The a stands for the alpha particle, p for the 
proton; otlier symbols are n for neutron, d for deuteron. This notation 
may or may not appeal to the reader, but it is convenient, and one soon 
accpiires it as a sort of language. Thus our pretlictions about deuteron 
bombardment witii emission of protons and alpha-particle bombardment 
with neutron emission can be said shortly: (dp) reactions generally are 
favorable energetically, but (an) reactions not so much so. The com- 
mon forms of reaction arc: (»p), (no), (pn), (pa), (dp), (da), (da), (ap), 
and (an). Simple or “radiative” capture occui's, and it is written (n — ) 

or (p — ) or sometimes (a 7 ) or (py). More abnormal reactions are 
(n, 2a) or (pd). 


Historically the first class of reaction studied was the (op) type, 
lor simplicity we propose to consider neutron reactions lii*st since 
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neutrons are free to enter a nucleus without regard to any repulsion 
set up against their entry. Also, the neutron is so potent an agent 
in making radioactive materials that it warrants early consideration. 

Neutron-induced transmutations 

Only one isotope is known which will not react with neutrons of 
moderate energy. This is ordinary helium, whose great stability pro- 
hibits the creation of any other element from it by combination with 
a neutron unless very high bombarding energies are used. AVith this 
one exception, every element yields to neutron bombardment. By far 
the commonest process which results from neutron bombardment is 
radiative capture, a process which may be indicated as 

-h 71 

meaning that an atom of atomic weight M has captured a neutron 
to form the composite and, in this case, also final nucleus, of 

weight il/ -h 1. As illustrations we may take the following, which we 
have chosen because the reactions can be used for other purposes. 

+ Br«® or 

1127 ^ 1128 I127(„_)II28 

Ag^®^ -h 71^ ^ Ag*®® or Ag*®^(7i — )Ag*®® 

+ 71^ Ag"« or Ag^«"(7i-)Ag'>« 

All four reactions result in radioactive products. The first two afford 
convenient methods of making moderate-sized samples of two of the 
halogens, the second pair give radioactive silver isotopes which have 
lather convenient half-lives for use in detecting the presence of neu- 
trons and measuring their intensity. If the reader is ever permitted 
to approach a cyclotron while it is running and quickly tests the 
money in his pocket with a Geiger counter, he will find that it is defi- 
nitely radioactive. The radioactivity will shortly die out and should 
warn him that the apparently harmless apparatus is nevertheless 
giving him an appreciable bombardment which will before long begin 
to have serious effects. The radioactivity will be due to the two last 
reactions listed above. 

This type of reaction is of some interest since it brings up the ques- 
tion of the mechanics of a transmutation. Almost everyone has 
worked out the familiar problem of two balls colliding and remaining 
together after collision and knows that it cannot occur if both mo- 
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incnturn and mcclianical energ>’^ are conserved. Some energy must be 
lost as heat. Do such considerations hold in the collision of two nu- 
clear particles? If they do, they must clearly have a profound influ- 
ence on the events in the above type of reaction where the two collid- 
ing particles stick together. The answer is yes. The reaction invari- 
ably proceeds with the emission of the necessary energy to guarantee 
the conservation of momentum, not as heat, as in the collision of two 
putty balls, but as a gamma ray. Now the reader, whether he be a 
physicist, or a long-suffering physiologist compelled to add one more 
technique to his already exacting requirements, will know that in 
atomic physics the emission of radiation is not a continuous process, 
but that a quantum of energ>^ is emitted as one unit. This fact, that 
the emitted gamma ray must have a certahi defimte energy, the energy 
corresponding to the transition between two of a discrete set of levels 
in the nucleus, means that the outgoing gamma ray, which gets rid of 
the surplus energy, can have only certain energy values. Now the 
amount of energy to be disposed of depends on the energy of the neu- 
tron that does the bombarding. If the amount docs not happen to 
agree with the energy corresponding to a transition in the resulting 
nucleus, then there is a situation which requires that one of two rigid 
laws breaks down. In this instance the laws have unquestioned valid- 
ity, and the only way out is for the process of sticking to fail to take 
place; to the satisfaction of physicists, this is what happens. The 
simple capture type of reaction will go for only certain values of the 
energy of the incident neutrons, those for which the surplus energy 
exactly fits one of the gamma-ray energies the nucleus is able to emit. 
The physicist does not rest content until he lias the word “reso- 
nance in every section of his subject, and here it finds its place in 
nuclear physics. Simple capture is said to be a resonance process: it 
can occur only if there is resonance between the energy of tlie incident 
neutron and the energy of one of the states of excitation of the new 
composite nucleus. This resonance characteristic has been verified 
many times. It has some important consequences, because it means 
that neutrons from any source will not necessarily cause the I'oaction 
to proceed and in fact the great variation in the yields of this type of 

reaction is to be traced to this limitation on the energy of the incident 
particle. 


Let us follow this a little further since it will throw light on our 
present-day picture of the process of transmutation as well as show 
what to expect from this particular type of reaction. Modern theory, 
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for better or worse, has been driven to explain phenomena in the 
atom by first assigning a “potential field,” that is, by deciding the 
value of the potential energy a particle will have at any point. Re- 
duced to its simplest terms, this means that we cannot say anything 
about the way a body will move unless we know what forces act upon 
it. The potential field, which is fundamentally related to the force 
acting at any place,* is used simply because it is far more convenient 
than force to handle in equations; there is 
nothing inherently abstruse in its use. The 
necessity of assigning this field in nuclear 
phenomena is about as cheerless a task as 
any mathematical physicist has ever had 
to face, as we are only just beginning to 
know the forces between single particles, 
let alone the forces in a complex nucleus. 

So unhappy a task is it that few theoretical Fig. 3. The potential field 



physicists feel optimistic about a complete 
theory of the nucleus. However, this com- 
plexity leads to a certain simplicity, for the 
theoretical physicist “gives up” and repre- 
sents the potential field of a nucleus simply 
by a potential “well” as in Fig. 3. 

An incoming neutron is quite unaffected 
by this well until it is between the points A 
and B, when a strong attraction operates 
on it and it is swept into the complex of 
particles which comprises the nucleus it is 
bombarding. The reader must remember 
that falling into this well is not like the 
usually imagined accident. The neutron, in 
falling, acquires speed which may easily 


of a neutron in the neigh- 
borhood of a nucleus, as 
represented for simple the- 
ory. The neutron experi- 
ences no force except be- 
tween A and R, where very 
strong forces act. On the 
potential-energy diagram 
above, such strong forces 
are represented by a sud- 
den drop, forming a “po- 
tential well,” into which the 
neutron will fall. As it 
falls it acquires speed and 
can easily bounce out of the 
well unless some reason for 
its “capture” exists. 


carry it up the far side of the well and so out again, without any appar- 
ent change at all. On the other hand this entry into the target nucleus 
is the first requirement of a transmutation and must be considered the 


preliminary stage. The second stage is concerned with the adaptation 
of the remaining particles to the new situation. For the reaction under 


discussion, simple capture, the new composite will be acceptable and it 
will settle down by emitting a gamma ray. We therefore picture the 
neutron falling into the potential well, acquiring speed which it may 


* The negative of the derivative of potential energy with respect to distance 
mea.sured in any direction is the force in that direction. 
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lose l)y giving it to the other particles in the nucleus, which bears its 
abnormal excitation for a short while and then emits a gamma ray to re- 
store itself to a normal condition with the new neutron accepted. Or if 
the emission of a gamma ray is not feasible, the motion of the particles 
continues until a neutron has enough energy to duplicate the original 
energy of the incident neutron, wliereupon it is ejected and no trans- 
mutation has taken place. The question of the feasibility of emission 
of a gamma ray turns upon whether in the particular potential well 
there is a permissible energy value exactly agreeing with the energy 
tlie neutron has to contribute. It turns out that all but the lightest 
nuclei have many available levels, so that the resonance requirement 
does not cause so great limitation as might be expected. In fact, it 
can be said quite generally that, with the exception of He^, any ele- 
ment after bombardment by neutrons from any but a very pe- 
culiar source of exactly one energy, will contain some atoms of + 
Often is not detectable as it is stable, and is not produced in 

sufficient amounts to be detected bv ordinary means, but if is 

radioactive, even the small proportii)n of transmuted material can 
easily be detected. This generality of neutron ca])ture was discovered 
in 1933 by Fermi and his collaboratoi's at Rome; it is one of the most 
im])ortant discoveries in nuclear chemistry. 


Slow neutrons 

While engaged in this work Fermi found that, if the neutron source 
were surrounded by water, or purufTm, or any substance containing 
a large proportion of hydrogen, it frequently was far more efficient in 
producing radioactivity. Thus if silver is exposed to “straight neu- 
trons” it becomes active. If, however, the silver and the neutron 
source arc enclosed by paraffin about 3 inches thick, the yield is in- 
creased about tenfold. It is in fact this combination which is present 
when a visitor carries money in his pocket near a cyclotron, since the 
visitor himself is hydrogen-containing material, and the money con- 
tains the silver. Fermi was quick to see that the significant fact about 
the hydrogenous material was the slowing doivn of the neutrons by im- 
pact with the hydrogen. It may be recalled that after an impact with 
a hydrogen nucleus a neutron loses on the average 60 per cent of its 
energy. This has remarkable consequences after only a few collisions, 
as is shown in the sequence below. 


Number of collisions: 0 12 3 0 9 12 

1‘^norgy (Mov): 5 2 O.S 0.3 0.018 0.001 O.OOOl 
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It will be seen that after only a dozen collisions the neutron has 
only a few electron volts of energy left and that it will require very 
few further collisions to reduce the speed of the neutrons to that of the 
molecules of the water or paraffin (speeds corresponding to a few one- 
hundredths of an electron volt). Such neutrons would be j')articularly 
deadly in causing transmutations, for if they happened to strike a 
nucleus they would spend a long time in its neighborhood with a re- 
sulting excellent chance of being caught. This phenomenon of trans- 
mutation by slow nexUrons can often be turned to great advantage 
and made to yield very concentrated sources of artificially radioactive 
elements. 

The phenomenon of resonance plays an important part in slow 
neutron reactions, for naturally the majority of the slow neutrons will 
have energies at or near the energy of the molecular motion, and if it 
happens that an energy level is not available for this energy the reac- 
tion will not be favored. On the other hand if it turns out that an 
energy level is available there will be a very prolific yield. 

This resonance phenomenon has been studied very accurately as 
will be described shortly. In the meantime a word on the method of 
description of yield in nuclear processes is in place. 

Cross section 

In Chapter 1 we mentioned that nuclear bombardment processes 
are random in character. Such random processes can only be de- 
scribed essentially in terms of chance. However the chance dej^ends 
on three factors, all quite obvious. The first is the number of par- 
ticles which do the bombarding, the second is the number of nuclei in 
the path of the bombarding particles, and the third is the individual 
behavior of the nucleus which is being bombarded. The first is 
readily estimated: if neutrons are responsible there must be some 
method of measuring their number; if charged particles are responsible 
the number can be estimated from the current. The second factor can 
also be estimated if the thickness and composition of the material 
of the target are known. This estimation can be in terms of Avo- 
gadro’s number, the number of molecules in a mole, which is 6.03 X 
10-3, oj. in terms of the mass of a hydrogen atom which is 1.66 X 10“-^ 
gram.* 

* For example, 1 microampere of deuterons is 6.3 X lO'^ deuterons per second. 
A target of aluminum of thickness 16 milligrams per square centimeter (10 cm air 
equivalent) has 1.6 X 10~Vl-66 X IQ-^^ X 27 = 3.57 X 10>® atoms of aluminum 
per square centimeter. 
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There remains the behavior of the nucleus itself. From the many 
ways of describing this there has evolved a rather simple and ap- 
pealing method. This is to assign a target area, or cross section, to 
each nucleus. This target area must be thought of as a synthetic quan- 
tity which may bear no resemblance to the physical area of the nu- 
cleus, though it probabi” will often be close to tliat figure. The unit of 
cross section, cm, is often called the “barn.” This term was 

coined during the war by the nuclear jiliysics team at the University of 
Chicago. It may survive and we hope it will, but scientific linguistics 
often run counter to usual linguistics because scientists are overly 
deferent to international conferences. 

Now consider how we describe a chance. Suppose that the target 
contains N nuclei per cubic centimeter. Suppose the area exposed is 
A sfiuare centimeters, the thickness d.r. The number of nuclei ex- 
posed is then NA dx. The target area exposed is then aNA dx, where 
(r is the cross section per nucleus in square centimeters. The chance 
of being hit is therefore aXA dx/A, the target area divided by the 
whole area over which the bombarding particles are distributed. This 

is a.V dx, which is interesting because it does not depend on the actual 
area of the target material. 

The yield of transmuted atoms can also be expressed in terms of a 
chance. Suppose that n particles bombard the target, and dn nuclei 
undergo change as a result of the bombardment. Then the chance 
can be stated to be the ratio of successes {dn) to trials (») and is dn/n. 

Now equating these two expressions for chance (or, more eruditely, 
probability) we have 


dn 

n 


= <tN dx 




This enables a to be measured in terms of the yield of the reaction. 

It IS also pos.‘^il)le to consider the way in which the bombarding par- 
ticles are lost as a result of this process. The particles lost can be 
written as -dn so that for absorption 


If integrated this gives 


— dn . ^ 

' — = (tN dx 
n 

( 2 ) 

71 

— = 

^^0 

( 3 ) 
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where Uq is the number of particles incident at the surface of the 
target. The quantity <riV is often called tie absorption coefficient for 
a particle. 

Equations 2 and 3 hold for any random absorption process, whether 
for neutrons, x-rays, photons, or raindrops f.illing through the leaves 
of a tree. They are used exceedingly often in nuclear physics. 

Cross sections vary from 70,000 barns in some neutron resonances 
to 10 barn for electron-induced reactions. 


Neutron resonance capture 

The resonance nature of neutron capture was suspected in early 
experiments. The neatest proof of this was achieved by measuring 



Neutron energy (Electron volts) 


Fig. 4. Cross section of silver as a function of neutron energy. The insert shows 
tlie way in wliich a pulsed beam of neutrons is allowed to travel across a known 
distance and pass through an absorber. The neutron energy is determined by 
the time of flight. The total cross section obtained in this way shows a depend- 
ence on l/v, where v is tlie neutron velocity, plus three resonance peaks at 5.2, 

15.5, and 45 electron volts neutron energy. 


the time of flight of neutrons which take part in radiative cap- 
ture. Early measurements were made with a rotating shutter, 
but the best method proved to be the modulation of an accelerator. 
This was first tried by Alvarez, was developed by Manley and Ha- 
worth and Baker and Bacher, and has been most exploited by the 
group at Columbia, notably Havens, Rainwater, and Dunning. 

Their method is as follows. A cyclotron beam is turned on for a 
few microseconds by turning on the accelerating voltage on the ion 
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suurco. The beam strikes a beryllium target surrounded by paraffin. 
The burst of neutrons produced by the reaction 


D2 -I- Be‘‘^ B’® + n 


is slowed down in the pr^raffin (an operation which doesn’t take very 
long) and some escape from the paraffin. These are slow and drift 
relatively leisurely toward an absorber of some selected element. On 
the other side of the absorber is placed a detector which is turned on 
only at times which are delayed with respect to the time the ion source 
is on. These times correspond to various drift times of the neutron 
and therefore to various neutron speeds. For each such delay time 
the number of neutrons absorbed is measured by interposing and re- 
moving the absorber. Then by equation 3 the cross section can be 
found. Figure 4 shows the results for silver. The insert shows the 
arrangement of the apparatus. 

The form of the curve is of great interest. For very low energies 
the cross section is high and smoothly falls off. In this region the 
cross section is inversely iiroportional to the neutron velocity {the \/v 
region. At the resonance region the cross section obeys the relation 


p2 

(E - Eo)^ + - 

This formula is due to Broit and Wigner and is known as the Breit- 
AViper formula, r is the “line width.” Values which fit Havens and 
Rainwater data for cadmium, for example, are 


(To = 7200 barns 


r = 0.155 electron volt 
= 0.170 electron volt 

vSome resonance cross sections are given in Appendix 10. 

I ho existence of this resonance phenomenon means that there is a 

great variability of yiehls in slow neutron reactions so that such 

MK'ans cannot always be a|iplied for the production of radioactive 
elements. 


Neutron-induced reactions with particle emission 

Lc^^s rominon than simple capture, but of great importance in some 

cases, IS tlie plienomenon of fransmutafion with particle emission. 
Such reactions are 
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or 

or 


B'® H- n Li' + He^ 

Nl4 ^ ^ Ql4 

+ n ^ + H' 


Those reactions have their characteristics fixed for them bv the fact 
that the ejected particle is charged. This has a strange consequence, 
which at first sight seems absurd, namely, that tlie charged particle, 
tliough it may be given sufficient energy to escape from the coinoosite 
conglomerate, is still not free to escape. One would naturally con- 
clude that a positive particle would be pushed away all the more 
easily from a nucleus, and here we are asking the reader to believe 
that the pushing away is to be considered as a holding in, apparently 
just at our whim. 

This little difficulty is one we are greatly tempted to slide over and 
beg the reader to accept, but as we are confronted with a j^ropeiiy of 
nuclei which is of the greatest importance we will take a short while 
to consider it. A few pages back we drew a potential “well” and 
said that the neutron must fall into this well to start a transmutation. 


Now let us suppose that it has done so and that a proton is due for 
ejection. We may now inquire as to the potential well appropriate to 
this proton and see at once that because the proton is charged it is all 
higher as drawn in Fig. bB. Now this shape is clearly wrong, for if 
the proton were outside the well it would be repelled and thus would 
run downhill in some potential field; in other words the volcano and 
crater appearance shown in C is correct. The reader can now see the 
reason for our paradox. To make a clean getaway the proton must 
somehow acquire enough energy to reach the point T. When it does, 
the repulsion will give it the energy corresponding to a fall down the 
slope of the volcano so that we would expect our transmutations to 
yield us only fast particles. This is nearly, but not quite, true. An 
effect, linked intimately with the property that small-scale matter is 
governed by the properties of waves, permits the emerging proton to 
“cheat.” A proton of energy less than T can leak through the walls of 
the volcano just as light can penetrate a very thin film of gold. This 
“cheating,” or, more elegantly, penetration of the potential barrier, 
means that in one sense charged-particle transmutations are favored, 
which is what we at first expected, but that once we have been led to 
expect this favoring we are to be disappointed in that the process of 
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leaking through the potential barrier takes time; during that time the 
nueleus may become impatient and rc-eject the neutron instead. 

To shorten this account, we find that processes which require 
charged-particle emission are commonest in light elements where the 
energy required to get somewhere near T is small and become less and 
less common as the nuclear charge increases and the energy of T be- 
comes greater. To achieve a paiticle emission from boron a slow 
neutron will suffice, but exceedingly fast neutrons are needed for ele- 
ments such as iron. An interesting exception is nranium, which is so 

complex that it is vulnerable to a 
new type of process in which the 
whole nucleus can become drawn out 
into a long droplet shape and then 
actually blown apart by the mutual 
repulsion of its charged constituents. 
Such a process is known as nuclear 
fission, and a special chapter will be 
devoted to it. 

Where slow neutrons are effective 
in causing particle emission, most 
notably in the boron reaction just 
cited, the cross section depends in- 
versely on the velocity of the neu- 
tron. This is because the process 
need not be resonant since energy and momentum can be conserved 
for a variety of energies of the emerging particles. The major factor 
is tliercfore the opportunity afforded the neutron to enter the boron 


Tyr.jys. 

B. Raised well C. Inside and 

A Neutron appropriate to outside appearance 
potential wclK a proton which oi a proton 
docs not escape* potential well* 

Fio. 5. A diagram to show how 
the rcpiilsiv'c force exerted on a 
I)roton by the protons in a nucleus 
modifies the appearance of the pro- 
ton potential well. To be .sure of 
escaping, the proton must have 
rnough kinetic energy to scale the 
top 7’, but it can penetrate the part 
of the field above zero energj’ with 
a certain probability. 


nucleus. The slower the neutron, the better tliis is. 

Before we go on to consider deutcron-induced transmutations it 
will be well to summarize the features of neutron reactions. The 
most common of these is simple capture, which is strongly resonant 
in nature, the neutron must have one of a set of definite energies or it 
will be ineffective in producing a transmutation. If one of these ener- 
gies happens to occur in the region of the energies of thennal agita- 
tion, then slow neutrons, or neutrons Avhieli have collided so many 
times that their energy has been reduced to approximately that of 
the molecular motion, are wry effective in producing reactions. 

In the next type of process a charged iiarticle is emitted, and here 
the resonance charactoristic is not so important as the fact that the 
eliaigcd particle has to leak out of the potential barrier. The conse- 
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quence is that, unless the neutrons are very energetic, this kind of 
reaction is not favored, except for light nuclei. 

We next consider deuteron-induced transmutations, which are im- 
portant because the deuteron, having a relatively large positive mass 
deviation, has a considerable amount of available energy and is po- 
tent as a bombarding particle. 

Deuteron-induced reactions 

The deuteron is a composite of a proton and a neutron bound to- 
gether tightly but not inseparably. Its mass is 2.01472, so that it 
will be expected to be capable of causing reactions in which energy is 
set free. This is the fact. There are three main types of deuteron- 
induced reactions: deuteron in, proton out; deuteron in, neutron out; 
and deuteron in, alpha particle out. In shorthand notation these are 
[dp), [dn], and {d<x). The general nature of transmutation by deu- 
terons is reasonably easy to predict. The transmutations will not pro- 
ceed nearly so easily as for neutron reactions, on account of the re- 
pulsion exerted by the charge of the nucleus being hit. This repulsion 
creates a potential barrier which must either be overcome or pene- 
trated (in much the same way as the emergence of a proton from a 
nucleus is conditional upon either surmounting or penetrating the po- 
tential barrier). This greatly limits the number of successful ap- 
proaches made by a deuteron to a nucleus. Unlike neutrons, which 
almost all finally succeed in entering a nucleus and causing a transmu- 
tation, only about one deuteron in a million manages to do so. It 
may then be asked why anything but neutrons are ever used for atom 
smashing; the answer is that neutrons mostly increase the neutron 
content of a nucleus. Quite often we need to increase the proton con- 
tent. This can be done by the (dn) type of reaction or even more so 
by a (d, 2n) reaction. 

The yield of deuteron reactions is controlled primarily by the num- 
ber of target nuclei accessible to the deuterons, and this in turn can 
be analyzed from two points of view. The first concerns the range of 
the deuteron. The great disadvantage of charged particles as trans- 
muting agents lies in the fact that nuclear processes compete dis- 
adyantageously with electronic processes, resulting in ionization. 
This occurrence of ionization stops the deuteron in a definite range 
so that only those nuclei encountered in this path have a chance of 
being transmuted. This is the first factor in determining the yield. 

The second factor in making target nuclei accessible is the repulsion 
of the charged deuteron by the charged nucleus. Unless the deuteron 
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can come within tlic range of nuclear forces (about 2X cm) it 

has no chance of prodiicing a reaction. The repellent potential bar- 
rier works against this close approach. To see this effect consider the 
reaction yields plotted in Fig. 6. Note that the yield is zero for zero 
deuteron energy (in contrast to neutron reactions) and rises in each 
case in a more or less exponential way at first. The heavier the ele- 
ment the higher the energ^'^ before the yield is appreciable. After the 

yield has risen considerably 
there is a tendency to stabilize 
or even fall off. 

The initial rising part is due to 
penetration of the potential bar- 
rier by the deuterons. The flat- 
tening is due to the fact that the 
bombarding deuterons have suffi- 
cient energy to go over the top 
of the barrier. Any fall in yield 
at these high energies is most 
likely to be due to the diversion 
of deuteron action to other proc- 
esses not detected by the method 
employed. Thus if the emission 
of neutrons is being observed and 
a second process involving the 
emission of protons becomes pro- 
lific, this will detract from the neutron yield. This feature of the 

competitwn between various processes is most important in nuclear 
reactions. 

vSomc rougli rules for estimating the effect of the potential barrier 

can he given. In the first place it has been found that the radii of 

nuclei arc governed by the simple iiroportionality between the volume 

of the nucleus and the number of particles in it. This gives the actual 
expression 



Fio. 6. Yield curves for deuteron re- 
actions taken from data of Clarke and 
Irvine. Tlie initial rise is due to pene- 
tration of the barrier; the falling off is 
probably due to competition by other 
processes. The barrier is hijther for Br 
than for Na because the nuclear charge 

is greater. 


^0 = 1.5 X 10~*^ X 


cm 


(5) 


for the radius Tq of a nucleus of atomic weight A, 

The cross secHon (^n then be estimated to a first approximation as 
<>r / . 1 X 10 A^ sq cm. This can be regarded as par for the cross 
seetioii As we have already seen, quite wide variations are possible. 

I he fact that deuterons must surmount or penetrate the barrier before 
icy have a cliancc to act on this cross section means that the height 



DEUTERON-INDUCED REACTIONS 


113 


of the barrier is important. The energy of the top of the barrier is equal 
to 

ergs (6) 

?'o 

where Z is the nuclear charge and e is the charge on an electron in electro- 
static units. (Note that the energy is doubled if an alpha particle, 
doubly charged, approaches.) 

For the element carbon, .4 is 12 so that *4^ is 2.29 and tq is 3.44 X 
10”^^ cm. Since Z is 6, the energy of the top of the barrier Et is 

6 X 4.8^ X 10’^® 

3.44 X 10“^^ 

or 4.0 X 10“® erg. This is 2.5 Mev. 

Equations 5 and 6 can be combined to give the approximate formula 
for singly charged bombarding particles, 


= 0.9 ^ 



where Et is in million electron volts. 

Knowledge of the value of Et at once permits a rough estimate of a 
nuclear yield. For values of the bombarding energy in excess of Ep^ 
the cross section will be about 7.1 X 10“^^/!^ sq cm. For A = 125 
the yield for a target containing 10*® atoms per square centimeter would 
be 177 X 10“^® X 10*® or approximately 1.8 X 10“^. This means one 
transmutation for every 55,000 deuterons. Experiment rouglily verifies 
this. 

A better estimate which takes into account barrier penetration can 
be made as follows. The probability of penetration through a barrier 
is given by the relation 

n —4irlhl 2m{V-E)^dr 

t' ^ e •''’0 


where h is Planck’s constant, tq and ri are the inside and outside radii 
of the barrier, m is the mass of the bombarding particle, V is the potential 
energy of the bombarding particle at distance r, and E is the bombarding 
energy. All energies are in ergs. 

The value of is given by the relation 

E = 

n 
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Now a glance at the exponent in this equation shows that when the 
integral is zero the probability is unity. In order for the probability 
to diminish to 37 per cent the integral must be equal to /i/47r, for then 
the whole exponent is —1 and e“Ms about 0.37. Simple trial shows 
that this figure is reached for E about 60 per cent of Et. Hence, 
penetration of the barrier is quite efficient near the top. As E dimin- 
ishes to Er/lO the probability rapidly diminishes. 

To find the actual yield in a reaction it is necessary to estimate 
the target thickness in terms of the penetrating ability of the deu- 
teron. This whole thickness is then divided into manageable sections, 
and the cross section for each is figured. The cross section multiplied 
by the number of nuclei expo.^ed in each section gives the overall 
cross section per section. Adding these gives the chance a single 
deuteron has of causing a reaction. The reciprocal of this is the 
number of dcuterons needed to produce a single transmutation. 

Having gone over the generalities of this type of reaction, let us 
consider a few important examples. The first is a series of reactions 
which yield neutrons. The simplest is the bombardment of deuterium 
by deuterons. The reaction is 


H^ + H^ He» + n or H2(dn)He^ 


This reaction is of great importance because it involves nuclei of very 
low charge and therefore proceeds at extremely small energies of the 
bombarding deuterons. The yield was so great when the original 
discovery was made by Oliphant, Harteck, and Rutherford in 1934 
that it was thought to be due to extraneous x-rays until check experi- 
ments showcel the actual nature of the process. There is no accom- 
panying gamma radiation, a fact which simplifies the interpretation 
of experiments made with neutrons from this as a source. If an in- 
expensive installaticm of a source of neutrons is needed, a moderate 
yield can be obtained by adapting a 100-kilovolt transformer to ac- 
celerate deuterons which then bombard a target of hea\^ ice. Suffi- 
cient numbers can be obtained to prepare fair samples of several ele- 
ments for tracer work, for example, ehlorine, bromine, and iodine. It 
has proved possible to detect the presence of neutrons when the bom- 
barding energies are less than 10,000 electron volts. 


Similar in character to this is the 
terons. The reaction is 


bombardment of 


tritium by deu- 


li" + H^ — > He^ -f n or 


H3(d«)He^ 
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The yield is very large, and this reaction is a convenient source of 
high-energy neutrons of one energy. 

The next two reactions to be considered are also important as neu- 
tron sources. The most commonly used neutron source is the reaction 

Be" -f- H2 -> -h n or Be"(d/i)Bi" 

At bombarding energies above 1 IMev the yield of neutrons from this 
reaction exceeds that from any other of this type, and as beiyllium is 
very stable to heat it forms an ideal target.* It is likely that beryl- 
lium is the most-bombarded element, almost solely on account of its 
use in this way. The neutrons so produced are, with cyclotron deu- 
terons of 5-Mev energy, spread out between 0 and 9 Mev. Such neu- 
trons are fast but not the fastest that can be obtained, and they will 
not cause all the reactions which can be induced by neutrons, notably 
the type in which for the entry of one neutron two are ejected, the 
(n, 2n) type. The fastest available neutrons are produced by bom- 
barding lithium by deuterons; here the energy change is roughly 15 
Mev, so that with 5-J\Iev deuterons the energy produced is nearly 20 
Mev. The yield is also large, not much less than from beryllium, 
and so this form of neutron source finds considerable application also. 
The difficulty is to find a stable target which will withstand long hours 
of bombardment and yet contains a high proportion of lithium. If 
the target is well cooled, lithium itself can be used. Lithium nitride is 
a very stable compound. 

A fourth reaction of this type should also be mentioned since it 
accompanies virtually every deuteron bombardment in spite of all 
precautions. This is the reaction 

C>2 -h ^ + n or 

The presence of carbon as impurity in any material other than that 
which has been treated with extraordinary precautions is almost uni- 
versal. It is therefore found that after removing a target from a bom- 
bardment there is always a 10-minute positron activity due to the 
decay of the radionitrogen formed. This activity must be considered 
in all experiments in which the time of working occurs soon after the 
bombardment. It is easily avoided, if time is available, by letting the 
product *‘age’^ for an hour or so, after which the amount of radio- 
nitrogen present is negligible. 

* Beryllium dust is highly dangerous; the handling of beryllium should be 
treated as an industrial hazard and care taken accordingly. 
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A second deuteron reaction of interest is that in which a proton is 
ejected, in shorthand the dp reaction. The reader will notice that, if 
a fleuteron enters a nucleus and a proton is ejected, the whole is the 
equivalent of the addition of a neutron alone. Therefore the dp type 

of ]-eaction achieves the same result as simple capture in the bombard- 
ment by neutrons. Examples are 

He' + H“ > He"* -j- II’ or He^(c/p)He^ 

+ H- -> Xa^* + II’ or Na23(,/p)Xa24 

p3i + ^ P'^2 q- H’ or p3’(f/p)P'’2 

Of these the second and tliiid liavc heen used very extensively to pro- 
(luce radiosodium and radiophosjiliorus. 

Jhc al«)ve (d/i) type of reaction is of interest for the particular 
reason that it involves a unic|ue method for the process of the reaction 
1 he deuteron docs not have to penetrate all the way into the nucleus 
to cause a transmutation; it can cause one by merely getting near the 
repulsive ficl.l of the homharded atom. In the repulsive field the 
.leuteron ceases to act as a single particle. It is a composite of a 
neutron and a proton, only one of which experiences any eflect due to 
he charged nature of the target nucleus. The proton is' repelled away 
fiom he nucleus, while the neutron is not alTertod, and the result is 
a teiK eney for the neutron and the proton to separate. If this hap- 
pens he neutron is conveniently near the target nucleus and is cap- 
luic. hy 1 , while the ,ir<.ton is sent away. The resemblance to the 
.-irni.le capture of a neutron is thus not merely trivial; in a real sense 
he process is actually such a capture, only the neutron has to be 
■1 nally created IVom a deuteron in the neighborhood of the nucleus. 

anil Phil " was suggested by Oppenheimer 

and I hillips, and the dp type of reaction is often referred to as the 
Opiicnheimer-Phillips reaction. 

At homhardment energies above about 10 Alev the process of “strip- 
I ig <an take j.lace. The target nucleus captures a neutron or^a 

.ii.-o.dion l: tii; h.;::s:,;2;r -- 

AI-' -f H2 _> ]vig->5 jj^4 Al-‘(da)AIg2* 
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The first gives a 110-minute half-life isotope of fluorine; the second 
gives a stable form of magnesium. This type of reaction is not of 
great use in preparing radioactive materials as the yield is not so great 
in general, owing to the higher barrier to the emergence of the doubly 
charged alpha particle. Nevertheless it should be considered a pos- 
sible means of fonning a desired radioelement. 

Under the head of deuteron reactions we have considered many of 
the features common to reactions involving charged particles. There- 
fore we can consider the remaining two groups of such reactions rather 
more briefly. These two groups are proton- and alpha-particle- 
induced reactions. Since alpha particles can be accelerated in a cy- 
clotron set up for deuterons without any change, it is not bad to group 
alpha-particle reactions with deuteron reactions. 

Alpha-particle reactions 

The main feature of interest about alpha-particle reactions is that 
they produce a considerable change in the mass of the bombarded 
element. That is to say, one produces an element 3 mass units away 
from the original element. This may be a useful method of reaching 
an isotope required for certain purposes. 

A second feature of alpha-particle reactions is the small mass excess 
of the helium atom, which it will be recalled means that relatively 
little mass energy is available to make the reaction proceed. This is 
largely compensated for by the fact that the double charge of the 
alpha particle enables the same cyclotron to accelerate helium nuclei 
to double the energy of the corresponding deuterons. To take a 
definite example we may consider the beams available from a 60-inch 
cyclotron. The deuteron beam is 20 Mev; the alpha-particle beam is 
40 ^lev. To the deuteron energy must be added the mass excess of 
13 Mev equivalent; to the alpha-particle beam, the smaller mass 
excess of 4 Mev equivalent. The deuteron thus totals 33 Mev, where- 
as the alpha particle is worth 44 Mev and is thus already more able to 
supply energy needed to make a reaction go than the deuterons pro- 
duced by the same cyclotron. This situation is not true for low-energy 
beams, where the deuteron is an easy winner, but it can be seen that 
the effectiveness of alpha-particle bombardment by a large atom 
smasher must not be underestimated. 

ap and an reactions 

In considering the ap type of reaction, although we may give 
several historically interesting reactions as examples of this kind of 
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transmutation it should be pointed out that it is of little importance 
in the manufacture of artificially radioactive substances. The reason 
is that the very nature of the reaction requires the addition of two 
neutrons and one proton to the bombarded nucleus, and, as the num- 
ber of neutrons relative to protons is gradually increasing as we pro- 
ceed towards elements of larger mass, the reaction will tend to pro- 
duce stable nuclei, at least in the lighter elements. In the heavier ele- 
ments this is not so true, although it still remains a type of reaction 
which is suitable for studying transitions between stable nuclei rather 
than a reaction for producing radioactivity As examples we may 
choose 

N*-* + He'* -> O*^ + H* or N*^(ap)0*^ 

This is the pioneer reaction of Rutherford which has ushered in the 
whole subject of modern nuclear physics. The is stable. 

Ca'*® -h He** -> Sc-*^ -f H* or Ca^*'(ap)Sc-*» 

This reaction results in the formation of a radioactive form of scan- 
dium having a half-life of 4 hours. 

1 he an type of process in which a neutron is emitted is of more 
practical interest. It is of some importance as the first method by 
which neutrons were produced, and indeed the reaction 

Be« 4- He** ^ C*^ + n or 

is still commonly used as a neutron source when either no better is 
available or for some experimental reason the whole space surrounding 
the source must be filled with some material under study. Such a 
source commonly consists of powdered beryllium mixed with radium. 
A reasonable estimate of the number of neutrons emitted by a mixture 
of 1 millicurie of radium and beryllium is 25,000 per second. This 
can easily be exceeded by almost any equipment using artificial ac- 
celeration, but it is sufficient for many purposes. 

The cen reaction as opimsed to the ap type increases the ratio of 
protons to neutrons and so tends to cause reactions which result in un- 
stable nuclei. Historically the discovery of artificial radioactivity 

was made by means of this reaction. AVe may cite the reactions first 
discovered by Curie and Joliot. 

B*® -f- He** 4- n or 

A127 + He** 4 - or 
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In both these reactions the final nucleus has too much charge and 
relieves itself of the excess by the emission of a positron. This type of 
reaction generally produces positron emitters. The is already 
familiar from the bombardment of carbon by deuterons and decays 
with a 10-minute half-life. decays with a half-life of 2.5 min- 
utes. Finally we come to the use of protons as the bombarding par- 
ticle. 

Proton-induced reactions 

The proton was the logical particle to try in the first experiments 
with artificially accelerated particles. It was found to be eminently 
successful, as the reader knows. The pioneer work of Cockcroft and 
Walton, shortly followed by many others, showed that by bombard- 
ing light elements with protons a variety of reactions could be made 
to go. Since we are primarily interested in presenting a systematiza- 
tion of nuclear chemistry we do not intend to consider the historically 
interesting reactions but will follow the same order as for the neutron 
reactions and will start with simple capture. 

The astute reader may perhaps wonder why we made such a busi- 
ness of simple capture for neutron bombardment, ignored it for deu- 
teron .and alpha-particle bombardment, and now return to it for 
proton reactions. The reason is mainly experimental. There is now 
some evidence for simple capture of deuterons, but in general the 
many products involving particle emission obscure the process of 
simple capture, which has to be detected by observing the emitted 
gamma radiation that it causes. Also the great mass excess of the 
deuteron means that, when it is captured, the resulting conglomerate 
is in a high state of excitation and in general seems to prefer to emit 
a particle rather than settle do^\^l by mere gamma-ray emission. 
This, of course, only tells us that the process is uncommon, not that 
it does not occur. It does tell us that it will be hard to detect. 
Similar experimental conditions also prevent the detection of this 
process in alpha-particle reactions. For both neutrons and protons 
the bombarding particle is elementary, and this greatly aids the de- 
tection of the simple capture process. It means that the whole reac- 
tion is simpler and so the competition from other processes is less. 

The results of the simple capture of protons are of the greatest value 
in many research experiments. The gamma ray which is evolved after 
the proton has been caught is likely to be very energetic; for example, 
the bombardment of lithium yields a gamma ray of energy 17 Mev, 
far greater than the 2.6-Mev ray which is the most energetic available 
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fi'om natural sources. Other reactions give less energy than this, 
hut the run of energies is around 6 Alev, which is still considerable. 
Since the yield of such gannna rays is great and beams of protons of 
several microamperes can l)c used, these reactions can be made to act 
as sources of energetic gamma rays which can, themselves, produce 
transmutations. One docs not use gamma rays for actual manufac- 
ture of radioactive materials, but they have been of great value in 
nuclear research. 

In addition to the emission of an energetic gamma ray, the capture 
type of reaction can give rise to considerable yields of radioactive 
mat('rials. To cite a simple e\am]ile. the bomhartiment of carbon by 
I)rotons causes the formation of a substance with the familiar 10- 
minute half-life associated with The reaction is 


C>- + n' — or 

The radioactivities associated with the rntliative capture of protons 
are the same as would be produced by the (In type of reaction on the 
same target. If a cyclotron is set to be in resonance for protons it can 
still be used to give many radioactivities prtnluced by deuteron bom- 
bardment. 

'I'he salient feature of simple capture of neutrons was shown to be 
resonance. Since there is no essential dinerence between proton bom- 
bardment and neutron bombardment as far as the formation of a com- 
posite nucleus is concerned, it is to be exiH'cted that tliere will be reso- 
nance in pioton bombardment. Ibis is so. It a suitable gamma-ray 
detectoi’ is placed near a target ol lithium bombarded by protons 
\\hose energy can be smoothly varied (as, for example, protons from 
a \ an dc C»iaalT geiuu'ator), thei’e is ft>und to be no yield of gamma 
rays at all until the energy of the beam exceeds -140 kilovolts. At this 
eneigy the yield of gamma rays suddenly shows a marked increase, 
and, it the layer of lithium is thin so that it does not cause any slow- 
ing up of the protons, the yield of gamma rays falls as soon as this 
oncigy has been passed. At higher energies other resonance levels 
may become apparent. In simide capture with aluminum as the tar- 
get, tlicie liavo been shown to be thirty or more resonance levels be- 
iwcon zero and 2.6 Alev. This rapid increase in the number of levels 
is expected on the present theory of nuclear structure. 

After the simple capture process, the next of interest is the pn proc- 
ess m which the proton is merely exchanged for a neutron. This type 
of reaction has two characteristic features. The first is that the 'en- 
eigy ol the proton must always exceed a certain threshold value be- 
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fore the reaction will proceed. The reason for this is that the neutron 
is heavier than the proton and also that we are always starting with 
a stable nucleus in the target and j^roducing a less-stable nucleus, 
which is an abnormally heavy nucleus. This twofold demand on 
mass requires that we supply the equivalent energy in the form of 
the kinetic energy of^ the incident particle; and also that there can be 
a threshold energy below which we have not supplied enough to make 
the reaction go. The second characteristic feature is that a positron- 
emitting radioactive element universally results. It is a rule, which 
is nearly perfectly obeyed, that no two nuclei of the same mass and 
charge differing by only one unit can e.xist. In other terms, if thei*e 
are two neighboring isobars, one always decays into the other. Iso- 
bars which are stable exist, but their charges generally differ by two 
units. Now if we put a proton into a stable element and take a neu- 
tron out, we produce an isotope which has the same mass but a charge 
differing by one unit from the original element. The new isotope is 
therefore unstable, and to return to stability it must lose charge, 
or emit a positron. So a laboratory which specializes in this reaction 
gets to regard the positron as a commonplace. 

As an example of this type of reaction we may cite the formation 
of from oxygen (O^®). 

O*® + H* + n 

This is interesting as it indicates that the yield of this type of reaction 
is considerable. The amount of present in ordinary oxygen is less 
than 1 per cent, and yet the yield of radioactive material is readily 
detectable with insensitive apparatus. 

Since it is a handicap to be unable to make any installation deliver 
neutrons at a moment’s notice, it is important to find a reaction which 
will give neutrons when protons are the bombarding agent. The pn 
reaction is suitable, and it is found that if beryllium is bombarded 
by energetic protons the numbers of neutrons are very nearly as great 
as if deuterons were used as projectiles. The reaction is 

Be® + H* — > B® -h n or Be®(pn)B® 

The B® is, as expected, a positron emitter. 

The last important reaction type is the pa. There is no striking fea- 
ture of this reaction, which is the reverse of the ap type. Except for 
the lighter nuclei, where this reaction often goes with considerable 
release of energy, there has been no direct study of the emitted alpha 
particles, and so the occurrence of the reaction is inferred from the 
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V resulting. It is a reaction which is higlily favored only 
at Iiigh bombarding energies as tlic ingoing and outgoing particles are 

both charged and sul)ject to the necessity of passing through barriers. 
As an example we may take 

-> 0“’ + He^ or F^^{pa)0^^ 

Scattering 

By now the reader will almost certainly be wondering whether it 
is abs(.lutely necessary tliat a bombarding particle enter a nucleus 
and coml)me with it. Tlie answer is no. In a considerable number of 
cases the particle is merely deflected by the nucleus with which it 
collides, and when this occurs the process is spoken of as scattenng. 
The biggest agent in scattering is, of course, the extensive coulomb 
field, and the nature of this process was determined by Rutherford, 
(Jeiger, and Marsden. The cross section dtr for scattering through an 
angle 0 for a light singly charged particle by a heavy nucleus is 


dc = 


•27r sin 0 (Id 
sin * (d, 2) 


( 8 ) 


Ilorc the symbols liavc tlie usual meaning. The term 2^ sin edS 

.simiily exi^resscs tlie solid angle suhtended at angle 6 by an angular 

merement rlt). For a doubly ehaiged scattered particle da is four 
times as great. 

Such scattering is referred to as Rutherford scattering and really 

has nothing to do with nuclear processes, \t hen a charged particle 

aiii.roaehes a nucleus it enters this rising terrain of coulomb repulsion 

and moves accordingly If, however, it comes within the grasp of 

nuclear forces this is changed. A new typo of scattering, called 
anomalous scattering, is produced. 

It IS a pity that spherical geometry involves rather nasty mathe- 
matics, for this fact alone prevents us from giving a more complete 
account of the scattering process, \\ hat occurs is a form of inter- 
•■'■cnec. I he incident particle, which as the reader knows must some- 
mies 1 C treated as having wave i>ro|ierties, can be thought of as a 
pane wave. The coulomb field distorts this, but in a definite wav. 
ll.e nuclear held, however, di.storts a fraction of the plane wave so as 
o cau..e a phase shift. This part of the wave then interferes with 

I u I. 01 u pait and as is well known in interference phenomena 
liiodiiees ma.xima and minima. 
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This is beautifully shown in some experiments of Bender, Shoe- 
maker, Kaufmann, and Bouricius. The arrangement is shown sche- 
matically in Fig. la. Protons of carefully controlled energy are inci- 
dent on a thin layer of aluminum. Behind this are placed a series 
of Geiger counters to detect gamma radiation, and at the same time 
scattered protons which emerge at about 135 degrees to the original 
detection are collected and recorded by a proportional counter. The 
result of the gamma ray detection is shown in Fig. 7b. It can be seen 



(a) 



Proton energy in kilovolts 
( 6 ) 


Fig. 7. (a) The arrangement for detection of both scattered protons and gamma 
radiation when a thin target of aluminum is bombarded by protons of variable 
energy. The protons scattered backwards are focused and counted in a propor- 
tional counter. Gamma rays are detected in five Geiger counters placed behind 
the target. (6) The yield of gamma radiation as the proton energy increases, 
and in the upper curve the scattered protons plotted in terms of the ratio of ob- 
served to Rutherford theory. The effect of a nuclear energy level on the scat- 
tering is clearly seen. 


that the cross section for the formation of gamma radiation rises 
sharply at 985 Kev and falls again. There is therefore resonance 
witli a level at that energy, and this means for sure that protons must 
be capable of penetrating the nuclear field at that energy. Such pro- 
tons must therefore be anomalously scattered, and that they are is 
shown in the upper curve of Fig. 76. The ratio of scattered protons to 
the number expected from the Rutherford theory falls for proton ener- 
gies just below resonance and rises thereafter, falling when the proton 
has passed completely by resonance. 

A further variety of scattering is in reality closer to a transmuta- 
tion. This is inelastic scattering. Here the proton, or other particle, 
which penetrates the nuclear field is absorbed but emerges with lower 
energy. The energy lost is given to the nucleus which later parts with 
this as gamma radiation. As will be shown later, inelastic scattering 
provides considerable information about nuclear energy levels. 
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Process of a transmutation: energy of emitted particles 

We have described several kinds of reactions and there now arises 
the question of how they actually happen. Perhaps we should rapidly 
state tliat wc do not really know, but this is how we think they 
liappen. 

The incoming particle is supposed to combine with the target to 
form what is called the compound nucleus. This compound nucleus 
has energy levels, like an atom has energy levels, and if the incoming 


Outtroing 

protoD 



I'lc;. 8. IllustratinK the process of a Unv-ciicrgy (ransiuutation. The inculent 
particle (here a dcutcron) enters (lie target nucleus eitlier tlirough or over the 
harrier and forms a eompouml nucleus in a vt-ry excited stale. This tlicn settles 
down in vai'ious ways, llie one illustrated being ity emission of a proton. If the 
final nucleus is left in an excited stale tlie proton. has less tlian the maximum 
energy. The energy <litTer('nee between the ground state of tlic target nucleus 
and the eneigy level of the final nucleus is tlie nuclear energy change, or Q value. 


(^article lias an energy wliicb is correctly matched to one of these the 
rapture of the bombarding partiele is more likely. This accounts for 
the lesonanee in radiative capture wliere the compound nucleus is also 
the final product. It may well liappen that tliere is an excess of cn- 
eigy levels availabh\ or tliat the levels are very wide. If this is so 
tlie lesonance in the formation ot the compound nucleus may not be 
of)serv('d as capture can oeeiir over a spread of energy values. This 
is the ease for dcutcron reactions where the liigh excess mass of the 
denteron guarantees flint the compound nucleus is highly excited. 

I lie compound nucleus is usually very short lived, especially if it is 
highly excited. It litlier settles down by iiuliation tradiative cap- 
ture) or It emits one or more particles or both, and this process takes 
place in sometliing less than 10 second. Xow this time is so sliort 
that the eompouiul nuelous never collides with anything before it 
makes its adjustment and therefore it has no method of losing mo- 
mentum exeeiit to the products of the reaction 
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This fact that momentum is conserved enables deductions to be 
made regarding the energy change in the reaction. It will be recalled 
that this is determined by the mass difference of the reacting particles 
and the reaction products. An equation relating the nuclear energy 
change Q and the various energies involved is given in Appendix 7. 

One early result, established by Bothe and Franz and by Chadwick, 
Constable, and one of the authors, showed that the emerging particles 
do not have a general spread of ener- 
gies but have certain definite energies 
associated with definite Q values. 

This can be understood by looking at 
Fig. 8 where the various energy rela- 
tions are shown. The left-hand figure 
shows a deuteron of energy » Ed ap- 
proaching a target nucleus represented 
by the potential barrier and well, as 
shown. After the deuteron enters the 
nucleus the compound nucleus is 
formed as in the center figure.* This re- 
verts to the final nucleus, for example, 
by emitting a proton. If this nucleus is 
formed in the ground state the outgoing 
proton has all the mass energy avail- 
able and leaves with energy Ep,o, as 
shown. However, the nucleus can be 
formed in an excited state, which with- 
holds some of the available mass en- 
ergy. The proton then leaves with en- 
ergy Ep^if and the difference in energy 
between Ep^i and Ep^o is therefore the withheld energy or the energy 
of the first excited state of the final nucleus. If the final nucleus is in 
a higher excited state the proton has less energy. Thus the proton 
energies represent a kind of inverted picture of the energy levels of 
the final nucleus. 

If it happens that the same process occurs with emission of the inci- 
dent particle the same kind of information results. This is what oc- 

* The physical chemist will readily see that the compound nucleus plays the 
same part as the “activated state” in reaction kinetics. The major difference 
lies in the fact that adequate bombarding, or mass, energy is supposed to be 
available for the formation of the compound state, whereas in reaction kinetics 
the critical complex plays a part comparable to a barrier. 



Fig. 9. Schematic arrangement 
for plotting an absorption curve 
for protons. A particle beam 
strikes a target T, causes the 
emission of protons, some of 
which pass through the defining 
opening 0, and the absorbing 
foil into the counter C. The 
wheel W carries foils of different 
thicknesses which can be inter- 
posed in front of the counter. 
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curs in the process of inelastic scattering and explains why inelastic 

f 

scattering is important in energy level research. 

In Fig. 9 we show an experimental arrangement for bombardment 
and product particle detection. The product particles, if they are 
])rotons or alpha particles, can be studied by absorption or magnetic 
analysis. Absorption measurements employ the range-energy rela- 
tionships given in Appendix 7. It is usual to take advantage of the 



Fia. 10. Reproduction of an ahsorj)tion curve taken by Benson for the 
AI-‘ (ap)Si^** reaction. Four groups of protons can be seen. Tlioso ending at 
about 100 cm leave tlie product nucleus of in tlie ground state, as is seen by 
the fact that no gamma rays are ob.'^erved in coincidence. Those ending at 60 
and 40 cm leave Si^o in the first and second excited states, and gamma-ray tran- 
sitions remove the energy of excitation, py coincidences are observed, the num- 
ber given being for 10,000 protons. The group ending at 25 cm is mostly due 
to iccoil with hydrogen contamination, and only a few coincidences are observed. 


heavy ionization of a slow particle (near tlie end of its path) by bias- 
ing the detection to count only such particles. An absorption curve 
(»l)taincd by Benson for the reaction Al-^taplSi^^ is shown in Fig. 10. 
the presence of three groups of protons is clearly seen. In order to 
prove that the process outlined in Fig. 8 is right a test can be made 
of the existence of gamma rays in time coincidence with the protons. 
Tlie cnergetio protons should have no gamma rays associated with 
them, whereas the other groups should show coincidences. The co- 
incidence rates per 10,000 protons arc shown on the figure. It can 
be seen that tlie statement is verified. 

A second absorption curve for the reaction A\-^{dp)A\‘^ taken by 
Wyly and Sailor and one of tlie authors is shown in Fig. 11. The 
existence of many levels is seen. These arc iilottcd at the right of the 
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figure, where levels found by Seagondollar and Barschall in neutron 
cross section measurements for the same nucleus are included for com- 
parison. It can be seen that energy levels are more closely spaced at 
high excitations. 



Fig. 11. Proton groups from A12"(<^p)Al^, from data taken by Wyly and Sailor. 
The corresponding energy levels are shown on the right, with resonance levels 
observed by Seagondollar and Barschall at higher excitation shown at A. The 

density of levels is seen to increase with excitation. 


Transmutation by radiation 

The electromagnetic field of a gamma ray can act on the particles 
in a nucleus and cause a transmutation. This is the so-called photo- 
disintegration process. While we were considering the pn type of re- 
action we called attention to the presence of a threshold energy which 
must be given to the proton before the reaction will go. This thresh- 
old feature is even more strongly present in photodisintegration, for 
the gamma ray possesses no mass of its own and must therefore 
achieve its results by sheer original energy. For this reason the proc- 
ess was discovered somewhat late. Ordinarily, if one takes any 
nucleus and removes any light nuclear particle from it, it will be found 
that the increase of mass needed to separate these two parts corrc' 
sponds to about 9 Mev. This energy must be supplied entirely by 
the gamma ray, if it is to cause disruption. No such energetic gamma 
rays are found among naturally radioactive materials, and it was only 
by bombarding the relatively loosely bound deuteron that Chadwick 
and Goldhaber were able to show that this type of reaction could 
occur. They used the 2.6-Mev gamma ray from ThC' to bombard 
deuterium gas and found that protons were liberated. The process is 
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H' + n or R^yn)!!^ 

Beryllium can also be split up in this way, according to the reaction 

Be® — ^ Be® + n or Be®( 7 «)Be® 

These two reactions actually give rise to considerable numbers of 
neutrons, because the gamma ray is able to cause transmutations 
throughout a thick layer of material, as it is absorbed by a different 
process compared witli charged particles. Such neutrons are of inter- 
est in that they arc all of one cncrg>% and they are therefore a useful 
tool in research. The energy is determined by the energy of the 
gamma ray which is used and the energj^ needed to separate a neutron 
from the target nucleus. It is unique, but it cannot be controlled. 

The extensive series of photodisintegrations now known came as a 
lesult of the use, by Bothe and Gcntncr, of the energetic radiation 
from lithium bombarded by protons. In general there is so great a 
.■'tiay neutron background from this source of gamma rays that the 
neutrons cannot be detected directly. Frequently, Iiowevcr, the ejec- 
tion of a neutntn trom a nucleus produces a radioactive element which 
can be detected and recognized. This was done by Bothe and Cent- 
ner in reactions such as 






+ n 


Kci-c the P-"' is nulioactivc, einittins a positron witli a half-life of 3 
minutes. The process of photodisintegration differs from other meth- 
ods of transmutation in that it does not call on the interaction between 
particles to cflcct a eliange. The fundamental force that causes the 
disrui)tion is the force resulting from the action of electromagnetic 
radiation on the i.articles in the nucleus. This force is not so great 
as the direct force hetween elementary particles, and the result is that 
tlie ctTectivcness of radiation is rather small. We do not, therefore, 
e.xpcct any great commercial use to be made of this reaction; it is 
rather to be useful in studying the nucleus itself. 

A convenient source of neutrons can he made from radioactive anti- 

'I'lic- energy of one of the gamma rays from Sb 
IS l.i3 Mev, and this e.xceeds the threshold for photodisintegration of 
icryl hum. The cross section for absorption of gamma rays in beryl- 
lium by the photodisintegration process is about 1 per cent of that for 
a isoiption by elections, so that about one gamma ray in a hundred 

luoduccs a neutron. This gives a useful neutron source of low-energy 
ncMitrons. 
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High-energy radiation which is very suitable for producing photo- 
disintegrations can be produced by the impact of the electron beam 
of a betatron or synchrotron on a target. The radiation so produced 
is continuous in energy but has a definite maximum which is fixed by 
the electron energy. The precise study of photodisintegration by this 
means is thus rather hard, but it has proved possible to measure the 
threshold energy at which certain reactions can take place. That the 
reaction has occurred is made evident by the formation of the proper 
kind of radioactivity. The threshold is found by varying the beam 
energy until this just takes place. Such thresholds are very useful in 
assigning mass values. 

High-energy bombardment 

The fact that projectile energies above 100 Mev are becoming 
commonplace is causing a new field of study of high-energy reactions. 
These differ considerably from the simple processes described so far 
in that the availability of enough energy is guaranteed and the ques- 
tion is one of the distribution of the products of the reaction. For 
example, if any target is bombarded by 200-Mev deuterons and then 
examined for radioactivity there at once appears a rich variety of half- 
lives, and the use of chemical separations shows that the breaking off 
of several particles at once (a process called spallation) takes place 
readily. The general rule that any nuclear reaction which is ener- 
getically possible will take place seems to be obeyed, though the prob- 
abilities of various processes are different. The careful study of the 
breaking up of nuclei under high-energy bombardment will probably 
contribute greatly to the understanding of the nucleus. However, it 
is doubtful whether the manufacture of radioactive elements for 
tracer purposes will commonly be carried out by this method. 

Transmutation by mesons 

The negative 7r-meson seems to have displaced the neutron in 
order of potency for reaction. This is because the meson is not even 
indifferent to the coulomb field: it is attracted by it. An energetic 
meson, moreover, is not heavily ionizing and therefore does not squan- 
der all its energy in moving electrons in the outer atom. These nega- 
tive mesons are readily absorbed by nuclei and as they bring with 
them 142 Mev of mass energy the resulting process is an explosion. 
Since most of the observations of this kind of process have been made 
in cloud chambers or photographic plates the appearance of such an 
explosion looks like a star and the process is now called “star produc- 
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tinn.” A picture of a negative ine:<on producing a star is shown in 





tiiially (‘iiUas a mn-lrns protiucin^ a slar. (PicliiK' duo to Dr. K. O. Salant.) 


Conclusion 

This chapter bids fair to he the longest in the hook. It is an inter- 
esting eliapter to write, hut rather unsatisfactory when read over. 
'Fhe truth is tliat the important ideas in nuclear eliemistry, like tlie 
importance of mass and energy, can l)e said ratlier quickly, but that 
the "feel" of the subject eammt he imparted so soon. It takes thought 
and much discussinn to become happy at the array of possibilities now 
pres(aited to us. It is intended that this chapter serve, not as a com- 
pendium to all nuclear reactions, hut as an ice breaker to enable the 
reader to join in discussion, or read the more thonmgh summaries 
either now available or shortly to be written. 

I here is much vali<l witticism at the expense of summarizing sum- 
maries. Nevei'l hele>s. we are going to summarize this chapter. As a 
beginning we show the table, in which the various types of reaction 
ai’c listed together with the salient imints of each. 

1 lie progress ol a reactivui is lirst of all conditional on a favorable 
mass balance; the mass ol the two reacting particles plus the mass 
(‘(|ui\alent ol the kinetic energy ol the projectile must execed the mass 


Summary of Reaction Types 
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of the resulting products. Second, all cliarged particles must either 
surmount or penetrate through a potential barrier which becomes 
higlier and thicker the greater the atomic number of the target ele- 
ment. Third, there will always be a competition among various pos- 
sible reactions so that one cannot always predict the nature of the 
yield given. On these counts neutrons and deuterons are on the whole 
tlie most favorable projectiles for causing transmutations, although 
tliis statement must not be interpreted as meaning that they are al- 
ways so. Roughly speaking, if there is no unusual competition, the 
yield of changed nuclei from bombardment by any particle which has 
enough energy to overcome the barrier will be one for every 100,000 
incident particles. This figure can vary by as much as a factor of 10, 
and it applies only to a thick target. As tlie energy of the bombard- 


ing particles becomes higher with technical advance, it is likely that 
many new varieties of reaction will be discovered, rendering this long 
chapter a slender first section of a large subject. It is prophesied, 
iiowever, tliat these reactions will be of little use in manufacturing 
radioactive isotopes for practical work. 

\Vc ho])c that a reasonable digesting of this chapter will enable the 
reader to master the subject of radioactivity and the production of 
radioactive materials, the subject of Chapter 6. 
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6- Radioactivity 

. . . such interchange of state. 

Or stale itself confounded to decay. 


Radioactivity is a veritable godsend to the physicist. He is used to 
expatiating on a subject whose main attraction is the one thing most 
people resent — exactness — which seems to the listener like being pinned 
down all the time, and radioactivity, though it has been imbued by the 
press with all the mystery of relativity, is actually mostly a simple de- 
scriptive subject. The basic ideas are easy, and it takes very little 
familiarity with the principles to be able to predict the general behavior 
of any given radioactive element; only when the actual process is 
closely examined does the theory become unpleasant. For practical 
purposes such theory is not necessary. 

Radioactivity in general 

In the first chapter we described the extreme simplicity of the 
scheme of nature. Neutrons, protons, electrons, and forces — no more. 
We also asked and for the moment answered the question as to the 
way in which we could mix neutrons and protons in a nucleus. We 
can mix them how we like, but nature sees to it that, after the mixture 
is made, the neutrons or protons interchange until the mixture is one 
of her own recipes. These recipes have been standard for more than 
a billion years. The process of readjustment is known as “radio- 
activity.” 

Let us now take a closer look at the events taking place; in fact, 
let us concentrate on one example for a while. The simplest radio- 
active element is extra heavy hydrogen or tritium, This element 
was thought for a long while to be stable, but a brilliant piece of in- 
vestigation by Alvarez showed that, in spite of the form book, is 
the wrong horse to back. He^ is the winner. In more detail, the com- 
bination of two neutrons and one proton is less stable than the com- 
bination of two protons and one neutron. This, nevertheless, does not 
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prevent us from being able to make a considerable number of atoms 
of for example, the reaction 


+ Il2 + H* 


is one of the most prolific known, and we can easily build up many 
millions of atoms. 

Consider for a moment one of them. It is unstable. It wants to 
become lie'*, which it can do at any time by changing a neutron into 
a proton and emitting an electron. This process is not quite so simple 
as it sounds, for the neutron has a certain tendency to remain a neu- 
tron, and if the difference in stability between II*'* and He® is not very 
great the H® will remain such for a considerable time; but in the end 
it will go over. This process, the passage from one nearly stable nu~ 
cleus to one winch is stable, is the underlying process of radioactivity. 
Every radioactive element is one which is of) the beaten track; it is a 
freak, but a freak with the power to correct itself by changing its na- 
ture so that it returns to type. 


e can illustrate this account of radioactivity further by consider- 
ing various types of carbon. In order to have a carbon nucleus only 
one real requirement is involved: the nuclear charge must be 6, or six 
l)rotons must be present. The commonest form of carbon has six 
neutrons as well, making a total of twelve particles. Now let us 
imagine that a neutron is added; we still have carbon, but is it stable? 
I he answer is yes, although it is not so abundant as the ordinary form. 
Very well, add a second neutron. We now have C*^ and we quickly 
peiceivc that a stable element having the same number of particles 
(fourteen), namely N*', already exists. We therefore confidently 
predict that C* is a freak, that it will adjust its constitution until it 
becomes normal, and that therelore it will change one of its neutrons 
into a proton, emitting at the same time an electron. In other words, 
we predict that (’*' is heta-ra<lioactive. Such is the fact. 

Instead of adding neutrons we could have imagined them removed. 
Then on removing one neutron from C- we obtain C", and again we 
sec that the number, eleven, of particles is already taken up by stable 
H". We therefore i)redict that C* is radioactive, that it will convert 
a proton into a neutron with the emission of a positron. And it is so. 
In the same way it can he seen that Na-^ usurps the number occupied 
l)y Alg-'* and so Na”* is radioactive; that P®- will decay into S®^ and so 
on. In fact, it becomes clear that, once the technique of bombard- 
ment desciiht'd in the last two chai>ters has been developed, the num- 
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ber of radioactive nuclei produced will be very great, actually greater 
than the number of stable nuclei, but that the general nature of radio- 
active processes will be as simple as we have already described. 

If the reader will stop here for just a moment to consider what we 
have said regarding the nature of radioactivity, he will see that the 
major idea is very simple: as simple as rolling off a log, which is after 
all a passage from a nearly stable state to one more stable. This 
major idea need not bother him, and it is in reality the secondary 
questions which now arise that may cause iiim trouble. Such ques- 
tions concern the actual time taken to effect the change and the energy 
of the products of the change. We can now consider radioactivity in 
more detail. 

Statistical nature of atomic theory 

Before we look more closely at the process of reversion to type it 
will repay the effort to consider for a moment the rules which have 
been found to apply to small-scale matter, such as atoms or parts 
thereof, and then see how they will apply to radioactivity. In the 
first place it has been found that it is impossible to describe the motion 
of electrons or protons or any small enough particles in detail. Notice, 
by the way, that it is not necessary to do so, for we are nearly always 
compelled to deal with vast aggregates of atoms, and the motion of 
one alone need not be followed. If we cannot follow the behavior of 
an electron in detail, the question arises as to what we can do; and 
the answer is that we can calculate a quantity which will evaluate 
the chance that an electron be at a given place at a given time, al- 
though we cannot calculate its precise path. The quantity we calcu- 
late is quite accurate and of the greatest value; in fact, it is all we 
need; but it must be remembered that it informs us of only a proba- 
bility, not a certainty. 

A little digression will show the difference between the modern out- 
look and what our large-scale knowledge led us to expect until this 
century. A careful study of Harvard men has shown that their 
average height is greater than that of the rest of the population. This 
means that if a man is known to be a Harvard man he will be ex- 
pected to be taller than average, but there is no reason why any one 
Harvard man will be tall. In fact, if we were going to use this as a 
test for whether a man were a Harvard man, we would have to admit 
that it would not help much. On the other hand if we were presented 
with a party of a thousand Harvard men and asked to verify whether 
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they were genuine, we could get real information by finding their 
average height and seeing if it were above the average for the country. 
The difference between the two outlooks can be seen from our illustra- 
tion. Modem atomic physics is of service only in the statistical sense; 
it can give real information only when a large number of cases is con- 
sidered, whereas the course of physical discovery up to the present 
century led us to expect that in each case we could follow what hap- 
pc'ned accurately if we only had the right theory to help us to explain 
the events. 

Let us repeat, then, that to describe the motion of an electron or 
any part of an atom we must calculate the value of a certain function 
at each place and then its value will tell us what the chance is that an 
electron will be at that place. One interesting and exciting result that 
follows from this kind of procedure is that in an atom an electron can 
have only a limited number of values of cnerg>% the “energy levels*' of 
the atom, and these energy levels play a vital role in spectroscopy, 

which has justified the method of procedure of modern physics so con- 
vincingly. 


Probability and radioactivity 

To return once again to radioactivity. A neutron and a proton are 
su|)posed to be two states of the same thing, with the proviso that a 
neutron may ciiange into a proton and liberate an electron and neu- 
trino at the same time. Now we may suppose that tlie change takes 
place because some force acts tending to make it occur. We do not 
yet presume to suppose the nature of the force; nuclear physics is still 
a young science; but we suppose that there is such a force and that it 
tends to make such a change. In a stable nucleus there is a balanc- 
ing of these forces so that there is no net force seeking to make the 
change, whereas in an unstable nucleus there is a net unbalanced force 
which is tending to convert a neutron into a proton. All we have 
to do is to calcidate the value of the function corresponding to the 
changed neutron, and this will tell us what tlie chance is that, at a 
gi\en time, a neutron will have become a proton and a radioactive 
change will have taken place. Notice that all we get is the chance. 
We get no definite information about when a single atom will change. 
All we can sajf w that there is a certain chance irithin a given mterval 
of time that the neutron will take the alternative form of n proton, 
electron, ami neutrino, and, of course, the greater this chance the 
more rapul is the process of radioactive decay. 
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Radioactive decay 

Before we go on to consider the predictions of the theory of nuclear 
instability it is important to look at the main features of the manner 
of change just described above — a manner in which there is a certain 
constant probability of a change taking place in a given interval of 
time. Understanding of the nature of this apparently simple way of 
change will go a long way to help in 
understanding the whole nature of radio- 
activity. 

Let us therefore first consider the mean- 
ing of the word “probability.” If a certain 
number N of cases be considered, the prob- 
ability of a certain distribution of cases is 
the ratio of the number in that category 
(say n) to the total number N, that is n/N. 

Thus, if we toss pennies N times, the proba- 
bility of getting heads is the number of 
times we find heads divided by the total 
number of times N. 

Now consider the changing of a million 
atoms. Suppose that during 1 second there 
is a probability of radioactive change of 
ViQoo. This means that in any 1 second a 
fraction ^noo of the atoms will have 
changed. Then 1 second after the beginning of our study of the mil- 
lion atoms we expect that we shall find 1000 atoms in a changed con- 
dition. This change, once made, is complete, and we are now in pos- 
session of only 999,000 atoms. (The change from stable to unstable 
cannot occur as there is not the energy available to make it go.) In 
the next second the probability is still the same, but as we now have 
only 999,000 atoms a slightly smaller number will change: 999, to be 
precise. This leaves us with 998,001 atoms, and therefore in the next 
second 998 atoms will go over. (Not exactly, as there is the odd one 
to consider, but this means only that it is likely that 998 will go.) 
The reader does not need to continue with this form of arithmetic; 
he can see that, if we let N be the number of “parent” atoms left and 
n the number changing in a second, then we have the relation 

^ ^ ToVo ^ 



Fig. 1. Graph representing 
the number of atoms of a 
radioactive element left after 
different intervals of time. 
This is equivalent to a “de- 
cay curve.” The curve cor- 
responds to the relation N “ 
Noe~^‘, which is the same as 
dN/dl = —XV, meaning that 
the rate of change is propor- 
tional to the number of atoms 
of the deca>ing element. 
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If we plot a graph of the number of atoms of the unstable or “parent” 
atoms left after different intervals of time it will appear somewhat 
as indicated in Fig. 1. The number diminishes rapidly at first, and 
then more slowly, approaching but never reaching zero after a long 
interval. 

This description in terms of probability can be made numerical. 
JyCt ~dX be the number of atoms changing due to the radioactive 
process in a time dt. The negative sign is used because the number is 
diminishing. Then we have for the probability —dX/N, and if this 
is to be proportional to dt we have 


or 



The relation giving N explicitly is 

N = Noe-^‘ (2) 

where No is the initial number of atoms at the arbitrary starting time. 
The quantity X is called the disintegration constant or decay constant. 
For ordinary use we can rewrite eciuation 2 by taking the logarithm of 
both sides, with the result 


In A^o — In Af = X^ 



This is one of the most important equations in applied nuclear physics. 
It should be remembered that natural logarithms are used above, and 
that if common logaritiims are used experimentally the value of the 
decay constant deduced without correction will be too small by the 
factor 2.30. 


Equation 3 refers to the luunher of atoms of the parent element 

measurable. It is far easier to observe 
the eftccts due to the radiations emitted during the actual change; this 
would mean observing an ellect proportional to the mfe of decay, 
dX/dt. It follows from ecpiation 1 that observation of dX /dt also 
gives us — aA. so that we are observing a (piautity which is propor- 
tional to the numher of atoms present. If we put AT = (‘-dX/dt)/k 
and A'^o = ( — t/Ao a in ecpiation 3 we get 
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or if we put and A for the ‘‘activities” at the initial time and any 
time, respectively, these activities are directly proportional to dNo/dt 
and dN/dty so that we get the final relation 


In Ao — In ^ 

or in common logarithms 

log Ao — log A 




In Fig. 2 is shown the type of line resulting from plotting the common 
logarithm of the ionization current produced in a Lauritsen electro- 


scope by a source of radiosodium against 
the time in hours. The sloping straight line 
can be seen to verify relation 4. 

Although the most direct way of describ- 
ing the decay of a radioactive element 
would be to give the value of the decay 
constant A, this is not commonly done. It 
is more usual to describe it by giving the 
time required for the activity to fall to half 
its initial value. This half-life is the quan- 
tity usually given in tables of reference. Its 
relation to the decay constant is easily seen 
from equation 4. If we put the value of A 
as Ao/2 when the time is in, we get In 2 = 
ktfit or tn = In 2/A or 0.693/A. A convenient 



Time in hours 

Fig. 2. Graph of the com- 
mon logarithm of “activ- 
ity,” in this case ionization 
current produced in a Lau- 
ritsen electroscope by a ra- 
diosodium source plotted 
against the time in hours. 


equation involving half-life is Ao/A = which enables quick cal 

culation. 


To obtain the half-life from a logarithmic plot as in Fig. 2, we do 
not need to calculate the decay constant, but merely find the time 
elapsed for the logarithm of the activity to fall by logio 2, or 0.301. 
Perhaps there is no harm in pointing out that it is quite immaterial 
where we choose the initial time; no matter how many atoms have 
decayed, the decay constant is the same for the remainder. 


Energy of the products of rodiocctive decoy 

The second feature of radioactivity which needs treating in detail 
IS the energy of the products emitted. We have so far indicated that 
the process of radioactivity is the passage from an unstable to a stable 
nucleus, and we have said that this takes place by the conversion of a 
neutron into a proton. It can easily happen that the unstable nucleus 
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attains stability by the conversion of a proton into a neutron; this 
often happens, and there is no essentially new feature about this 
method of adaptation except that the proton becomes a neutron and a 
positron. The emitted particle is then a positron and differs from an 
electron only in charge and in the fact that its production requires the 
using up of 1 Mev merely to create the positron. This need for an 
initial 1-Mev “starter” has interesting consequences which will be 
discussed later in the chapter. Whichever method of decay is found 
to take place it is still of interest to consider the energy of the emit- 
ted electron or positron. 

A good way to see the process from the 
viewpoint of energy is to consider two 
energy-level diagrams for the initial nu- 
cleus and the final stable product. In Fig. 
3 we have represented the nucleus of 
and the stable nucleus next to it. The 
upper level represents the unstable P^-, 
and the lower, the stable When the 
radioactive change takes place there is a 
release of energy represented on the dia- 
gram by the height AC. This energy when 
released causes motion; the distribution 
of the speeds of the particles concerned 
(which we at present suppose to be the daughter atom and the 
emitted electron) will be determined by the conservation of momen- 
tum. Since the mass of the atom of S®® is so much greater than that of 
the electron we expect the speed of the electron to be greatly in excess 
of that of the “recoil atom,” and this means that virtually all the energy 
set free is given to the electron. The picture we have drawn leads us to 
predict that the radioactive decay of P®- will take place with the emis- 
sion of electrons of one energy, that energy being a little less than the 
energy available from the difference in mass between P®® and S®^ Ac- 
tually this is not so. It is found that electrons haring all energies up 
to the ynaximum value are emitted. The maximum value is that 
which we would have expected to appertain to all the electrons, but 
it alone gives the necessary balance of energy. 

riic explanation of this rather disconcerting fact has been given by 
Fermi, following a suggestion by Pauli. Fermi proposed that in addi- 
tion to the electron a new particle, the “neutrino,” having properties 
rather like a very light neutron, is emitted. This neutrino is hard to 


t 



Fig. 3. Energy levels for P***- 
and xhe energy differ- 

ence represented by AC is 
the energy available as ki- 
netic energy for the electron, 
the neutrino, and the recoil 

atom. 
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detect as it does not produce any effect on our measuring apparatus, 
but at the same time it is capable of carrrying off energy. According 
to the Fermi theory the total disintegration energy, the energy equiva- 
lent to the mass difference between parent and daughter elements, is 
given as kinetic energy to the recoil atom, the electron, and the neu- 
trino. Since the mass of the last two is so small relative to the mass 
of the first, they absorb nearly all the 


energy. Then if the electron takes all the 
energy and the neutrino none, the measured 
energy of the electron will be the disinte- 
gration energy. This fits the experimental 
observations. On the other hand it is also 
possible that the neutrino takes all the 
energy, in which event the electron would 
not even be detectable. The emission of 
very low-energy electrons is actually found. 
It is clear that the chance of either of these 
extremes is rather small and that some- 
where in between, where there is rough 
equality of energy, the chance will be much 
greater. 

It is of practical importance to have 
some idea of the relative numbers of elec- 
trons with energies at various values short 
of the maximum. This information is given 
accurately by the Fermi theory, but as this 
involves relativistic quantum theory it is 
hard to give a simple explanation here. The 



(Mev) 


Fig. 4. Experimental dis- 
tribution curve obtained by 
Lawson for tlie electrons 
from P32. A roughly sym- 
metrical curve is found, 
which agrees with the 
Fermi theory, indicating 
that the electron and neu- 
trino, on the average, share 
the energy equally. The 
upper limit of 1.69 Mev 
corresponds to the differ- 
ence in mass between P *<2 
and stable $32. 


result, when obtained, is rather complex, and it is not easy to compile 

a set of simple tables which will enable the distribution to be calcu- 
lated in a given case. 


The neutrino and electron between them take almost all the energy; 
only a little is taken by the recoiling nucleus. Sherwin has recently 
shown that the measurement of this energy fits with the neutrino hy- 
pothesis. The rest mass of the neutrino is very small or zero, and this 
msults in a slight excess of the total energy going to the neutrino. 

The most probable energy for the electron is accordingly about one- 
third the maximum. 


The distribution curve for the electrons from is shown in Fig. 4. 
A distribution curve is one in which the number of electrons having 
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energies between two limits is plotted against the average energy of 
the limits. If such a curve is plotted by observing the curvature of 
the electron tracks in a cloud chamber placed in a magnetic field, the 
observer will measure the curvature of, say, a thousand tracks, express 
tlie curvatures in terms of energy, and then lay out a dozen groups or 
so, with energies perhaps 200,000 electron volts apart. He then counts 
the number of tracks in each interval and plots the values against 
tlie appropriate average energy, so producing a distribution curve. 
Tlie best curves are usually obtained with a so-called beta-ray spec- 
trometer, in which the beta rays are bent through a slit system by a 
magnetic field and then detected by a counter.* In the pioneer stages 
of the study of these distribution curves the cloud chamber placed in 
a magnetic field has tlie advantage that all the tracks can be seen and 
individually considered to be sure that they have the assigned energy; 
after the ground has been broken the spectrometer is more accurate as 
it allows the measurement of a much larger number of particle ener- 
gies. ^^’e have mentioned this fact as it is so for almost all applica- 
tions of the cloud chamber. It yields sure data but not a very large 
sampling. To return to the distribution curve itself. For experi- 
mental reasons the curve is incomplete near tlie region of zero energy, 
i)ut the remainder shows a reasonably symmetrical distribution about 

* \Vc do not intend to explain (lie precise metiiod of determining distribution 
curves, but. as the reader may consult original work for his own purposes, we 
feel that a word of explanation of the rather confusing terminology is in place. 
It is u.siial to describe the energy of the electron in terms of its curvature in a 
magnetic field. If we conshler a .slow electron of velocity v, then this is cquiva- 
h nt to a current element i dl of value cv, and in a magnetic field there will be 
(xeitcd a force IIcv perpendicular to the direction of motion of the electron, 
where II is the magnetic field intensity. This produces an acceleration perpen- 
dicular to the direction of motion and so cau.ses tlie electron to follow a circular 
path of radius p, sncli that the applicil force eipials the mass times the accelera- 
tion due to the circular motion. In symbols this is: 


Ilev = 


mv 


or 


•■(;) 


aip) 


'I'hus the quantity Up is proportional to (he velocity of tlie electron. At high 
speeds the mass of the eh'ctron is gnaiter, but (he quantity Up still measures 
the luoiiienturn of the electron. It is therefore not an inconvenient way of tle- 
senbing llic moiuontuin, especially for experimenters in this field. A conversion 
formula to Mev is 

10 ^ 

Up =-~\E(E + 1.02))« 


where II is in gauss, p in centimeters, and E in Mev. 
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a mean value of 0.85 jMev, and the maximum energy has the value 
1.69 Alev, almost exactly double. It is of importance to notice that 
there is considerable loss if for any reason a counter or electroscope 
detects only high-energy electrons, for the 
numbers fall off rapidly once one has passed | 

80 per cent of the maximum. This matter of g ^ ^j38 

the detection of electrons will be treated 
fully later. 

If we now agree that the bell-shaped dis- 
tribution curve is the expected type for a A 
simple example where there is only one pos- Fig. 5. Energy levels of 




sible energy release, we have to inquire into 
the nature of the distribution which holds 
where the unstable nucleus can change into 
one or more excited states of the product nu- 
cleus. In Fig. 5 we show the levels for CF® 
and stable It happens that has two 
excited states to which CP® could go. Refer- 
ring to the figure we see that in addition to 
the transition marked (1), or ground state 
to ground state, tliere are two other possible 
transitions marked (2) and (3), or ground 
state to first and second excited states. It is 
found that eacli of these transitions has its 
own bell-shaped distribution curve, and the 
complete curve is the composite of the three. 
The total numbers in the separate bell- 
shaped curves are not easily predictable, but 
It often happens that the numbers occurring 
m the curves of less energy are greater. It is 
not impossible that in actual fact there are 


unstable and stable 

A38, decays into A38 

by emitting an electron 
and a neutrino. If the 
transition is to the ground 
state as in Cl), then the 
electron and the neutrino 
have the full energy cor- 
responding to the differ- 
ence AC. If the transi- 
tion is to the first excited 
state, the electron and the 
neutrino take the energy 
A'C and the excitation 
energy A'A is emitted as 
gamma radiation. A tran- 
sition to the second ex- 
cited state will mean a 
third group of electrons 
and the subsequent emis- 
sion of the excitation en- 
ergy A"A as one or two 
quanta. 


ZZZ H been adequately 

alyzed, o that this rule must be taken as not finally established. 

for ri 38 ®' ® obtained distribution curve 

of .nH K T that the general shape is different from that 

card the f f 1 indicated and re- 

gard the actual distribution as due to the superposition of the three. 

till ee curves have maximum energies at 4.9, 2.8, and 1 2 Mev 

tranlitbn ^‘'ose figures mean that the energy available in each 

t.an ition is one of three discrete values; these values correspond 

to the transitions given m Fig. 5. We can therefore deduce that the 
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excited state of is 4.9 — 2.8 Mev above ground level. That 
is 2.1 Mev. The next state of excitation is 4.9 — 1.2 Mev, or 3.7 Mev 
above ground. 

Now, if this interpretation is right, the fact that the residual A®® is 
often left in an excited state must mean that at some later stage it 
will emit a gamma ray and return to ground level. This actually oc- 
curs, and as it is impossi!)Ie for a nucleus to remain excited for longer 
than ai>out 10“*® second (unless the degree of excitation is very small, 



Fig. 6. Fneigy distribution of tlie electrons from CF® wliich deciiys to A®® in 
both the ground state and two excited states. The overall curve, wliich is de- 
rived from inen.suremenls made by K. Siegbahn, can be analyzed into three dis- 
tributions having maximum energies at 4.9. 2.8. and 1.2 Mev. The percentage 

faking part in caeli transition is given in the insert. 

or some great cliange oi spin is involved), the gamma ray is emitted 
\irtually .^simultaneously witli the beta ray. This fact has led to some 
interesting work in wliich this coincidence in time between the gamma 
ray and the electron lias been tested by a coincidence method of count- 
ing a.s dt’scrilicd in C hapter 3. Flic coincidence is verified, but the 
unexpected result is lound that frecpiently there is also coincidence 
between an electron whicli aiiparently has tlic energy of a transition to 
tlic ground state, and a gamma ray. This means that the numbers in 
the tiue group of electrons which correspond to the ground-state tran- 
sition are so small as to cscajic detection and lends support to the 
suggestion tliat the lower-energy groups are favored. In concluding 
this jiaragraph it should he pointed out that where the beta rays cor- 
K‘f'[)onding to sucli groups as these are considered, where one level of 
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the parent atom decays to various levels of the product, all the beta 
rays decay with the same period. This is because a definite fraction 
of the electrons leaving the parent nucleus go to eacli of the levels of 
the final nucleus so that the decay constant for all is the sum of three 
decay constants and adds up to one single value. If the subsequent 
adjustment in the final nucleus takes longer than the beta-ray transi- 
tion then there may appear a second half-life. This is not common. 

-fi^Totion between disintegration energy and half-life: influence 
of structure 

We have described the salient features of- radioactive decay and 
particle emission; it now remains to discuss the relation between the 
rate of decay and the disintegration energy available in the transition. 
If we take the empirical approach to this subject and tabulate the 
maximum electron energies against the corresponding half-lives we 
see at once that there is a strong correlation between great maximum 
energy and short half-life. If we follow the procedure first used by 
Sargent and plot the logarithm of half-life against the logarithm of 
maximum energy we obtain clear indications that several groupings 
of radioactive elements exist and that within each group there is a 
relatively simple relation between maximum energy and half-life. In 
fact, if we set tnE'* = K, where tn is the half-life, E the maximum 
energy, and K a quantity which is dependent on the atomic number 
and the particular grouping to which the radioactive element belongs, 
we obtain a very good description of the relation. 

This empirical study is illuminated by viewing it in the light of the 
theory of beta-ray decay. On this theory we consider the parent 
nucleus and the daughter nucleus and inquire as to the probability of 
the passage from one to the other. The theory must include the fol- 
lowing considerations: First, there is the actual process of change 
from neutron to proton, electron, and neutrino, which we designate 
G/.- (the subscript F is for Fermi). Second, there is the term S which 

or otherwise of initial and final struc- 
tures. For some transitions the structural arrangements are such that 
the skids are greased; these are called “allowed” transitions. For 
others there is great structural change and such transitions are “for- 
bidden.” Third, the electron is influenced by the coulomb field in a 
manner dependent on its energy E and the nuclear charge Z. This 
we denote by F{Z,E). Finally, the electron and neutrino share their 
enerp so that if the electron gets an amount E and the maximum 
available is E,„ the chance of its getting that amount is governed bv 
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a term of the form E^{E„, — E)~. The grand total of all these factors 
gives an equation 

= Gt^SF{Z,E)E\E^, - Ef dE (5) 

where is the probability that an electron having energj^ between 

E and E + dE will be emitted in 1 second. 

We can obtain much valuable information from equation 5. In the 
first place we can see the reason for the relation between half-life and 
maximum energy. If we consider the total probability that an electron 
is emitted in 1 second no matter what its energy, we are considering the 
(luantity X of equation 1. Thi.s total probability can be obtained by 
integrating eciuation 5 from 0 to E„^, and since 


s.. 


we obtain 


EJ 

30 


X = K^E^ 


where Kx is approximately a constant, or. because (u = In 2/X, 

= K ( 6 ) 

where K is again an approximate constant. This is the relation found 
empirically. 

It is now of interest to study the nature of K. This can be seen 
fiom equation 5 to involve (7/.“, the term describing the transition 
from neutron to proton, a term which will presumably be the same for 
all sucl) radioactive changes; and .9, the term which we said involved 
the structure of the initial and final nuclei. Now the term “structure” 
ai>plied to the atom requires care. It is one of the tenets of quantum 
mechanics that the actual detailed appearance of the atom cannot be 
<iscei tained, so that, altlioiigh tlie atom clearly has structure, it is use- 
less to attempt to dc.-^cribe it, as it were, photograpliically. Theory 
has shown that the quantities most concerned with structure are angu- 
lar momentum and “spin,*' and it is in terms of these that we must 
discuss the eO'cet ()f structure in nuclei. For example, an atom can be 
in a state m wiiicli its energy is so tlistributed that there is no net 
angular momentum. The distribution of the function which gives the 
CMiue ()l finding an electron at any place is then spherically sym- 
metiual Atoms with varying amounts ol angular momentum have 
varying kinds ol symmetry ranging from cigar shape to quite compli- 
ta c( siap(>. 1 he term will thus be concerned with the angular 
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momenta of the initial and final nuclei. It will aho depend on the 
actual size of the nuclei. If these two factors can be considered the 
term in S can be useful in predicting nuclear transitions. 

We can dismiss the eft’ect of nuclear size fairly shortly. Nuclear 
size changes relatively little from nucleus to nucleus so that the ex- 
pected effect of this quantity would be to cause a gradual difference 
between elements as the atomic weight became greater. Tliis is prob- 
ably the reason why, even in the same grouping, elements of high and 
low atomic number do not have the same numerical value for K in 
equation 6. The effect of shape, or of angular momentum, is much 
more important. Atomic transitions are profoundly affected by the 
angular momenta of the two states involved in the transition. A good 
example of this is given by ortho- and para-hydrogen. The difference 
between these two forms of hydrogen is in the directions of the “spins” 
of the two protons forming the nuclei of the molecule. In para- 
hydrogen the spins of the two are opposite so that their contribution 
to the total angular momentum is zero; in ortho-hydrogen the two are 
in the same direction so that the total nuclear angular momentum 
is (in conventional units) unity. This apparently small difference is 
sufficient to render the transition from one to the other completely for- 
bidden; the transition can take place only if a third body is present 
to introduce some perturbation which renders the change possible. 

It is therefore easy to see that a radioactive change which required 
the passage from one nucleus to another with very different angular 
momentum would be “forbidden” and that therefore S would be ab- 
normally small. The calculation of such transition probabilities is 
veiy difficult, but numerous experimental cases bear out the truth of 
this analysis. One example can be given. It has been known for a 
long time that potassium is radioactive. It has been shown that the 
isotope responsible is and that the electron energy has the maxi- 
mum value of 1.4 Mev. We can compare this with having a 
maximum energy of 1.8 Mev and a half-life of 2.8 hours. Applying 
equation 6 we expect to have a half-life of about 10 hours. This 
short time would preclude its existence as a nearly stable isotope, 
which fact requires a half-life of more than 10® years. The transition 
from to Ca"*® thus is highly “forbidden,” and this means that a 
great difference of angular momentum between the two nuclei must 
exist. Theory suggests that such a difference as three or four con- 
ventional units wmuld be needed to explain the relative stability of 
Zacharias has shown that the spin of is 4, whereas that of 
was known to be zero. The theory is thus nicely verified. The 
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explanation of the various groupings is thus that transitions are either 
“allo\vc{|,” with no change of angular nioinentuin, or “forbidden,” with 
a change of one or more units. Within each grouping equation 6 
holds. 


In tlie table below we give some sample elements and the values for 
tuh'\ Tor positron emission the observed ujipcr limit is increased by 
1 Mev to allow the formation of the positron. The figures are given 
in Mev to the fifth power times minutes. 


Elkment 

hiE^ 

Grouping 

CIO 

240 

I 

C* 

5'JO 

1 


505 

1 


91 

1 

QIS 

290 

1 

p'iO 

530 

1 


4 . 750 

2 

SI^» 

3,200 

2 

p32 

2S5 . 000 

3 

Cps 

117,000 

3 


142 

1 

M„56 

37.000 

3 

A-s’** 

350 

1 

Br’8 

2 , 500 

2 

Ag"® 

33 

1 

AjrlOS 

395 

2 or 1 


770 

2 


riip groupings can he seen reasonably clearly, although at the same 
tune there is no exact constancy or well-marked trend. It can he seen 
(hat the product tends to become less as the atomic numher increases 
a.s woul.l ho expectc.1 from the innuence of the increase in nuclear size! 
which tends to increase the transition probability. More accurate 
grouping also should include the cniantity F{Z.E). 

1 he utility of this rule is more apparent when it is applied to predict 
maxiiimm energies. Thus, for example, Ne^^, which has a half-life of 
dO seconds, can he iissiime.l to he in the first grouping with a value of 
/ close to that o h-", 000. The value of /v'- is then 600/0.66 or 

900, and h should he ,T9 Mev. Actually it is 4.1 Mev as found by 
a i.soiption Ihc same reasoning predicts a value of 3.3 IMev for the 
positions froin Na^', whose maximum energy had not been measured 

ihi Vi r "V'* publication 

us have been accom, dished, and the reader may be able to judge 

the ^aIue of the rule for himself. 
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Nuclear isomerism 

While we are considering energy relationships it is in jdace to de- 
scribe the phenomenon of nuclear isomerism, sometimes referred to as 
gamma-ray decay. It is the case where a single radioactive isotope 
could have more than one decay period and yet decay to the same 
element. A little earlier in this chapter we said that a nucleus would 
not “hold” excitation energy if it could release it as radiation; the 
time of excitation is of the order of 


10“'^ second. We also, however, men- 
tioned the possibility of exceptions to 
this rule. The exceptional cases are 
those in which the amount of excitation 
energy is small and also where the 
change to the ground state involves a 
considerable change of angular momen- 



tum. Now if we consider a parent nu- 
cleus which is formed in an excited 
state of such a sort, it might remain in 
a state of excitation long enough for it 
to decay before it lost its excitation 


I'lc:. 7. Nuclear isomerism. An 
unstable element X has. in addi- 
tion to the ground state C, a 
metastable state C' whose angu- 
lar momentum differs greatly 
from that of C so that the tran- 


cnergy, in which event the excess en- 
ergy would be added to the energy nor- 
mally available for the beta ray and an 
abnormally fast electron would emerge. 
This idea can be seen more easily from 
Fig. 7, in which an energy-level dia- 


sition C' to C takes place about 
as rapidly as the direct decay 
from C' to A. Then the element 
X partly decays from C' as in 
(2) and partly by the double 
change, 6rst to C and then to A 

as in (1). 


gram similar to Fig. 3 is shown for two 

hypothetical elements A" and Y. The element X has an excited state 
C' a little above the ground state C; this level is metastable, probably 
on account of a great difference of angular momentum between it and 
the ground state. Now, if it takes a long time for the transition from 
C' to C to occur, there will be time for the element X to decay while 
still in the excited state and the energy of excitation CC' will be given 
to the resulting beta ray. Now the decay by method (1) of the dia- 
gram, by first passage to the ground state and then the final tiansi- 
tion, depends on the time it takes for the passage to the ground state, 
and this is not connected with the ordinary beta decay peiiod. Me 
thus expect that there will be two rates of decay: the ordinary beta 
decay, as indicated in the diagram by (2), and the double transition, 
by route (1), It can be seen that this phenomenon of nuclear isomer- 



150 


RADIOACTIVITY 


ism, inuny examples of wliich are now known, is likely to be compli- 
cate<l also by the transition in either case to excited states. The proc- 
ess of sorting complex beta-ray spectra is still going on. One example 
of nuclear isomerism which is of interest in applied radioactivity is 
Br^", whicli decays to Kr^^ with two half-value periods: 18 minutes 
by tlirect beta decay, as in route (2) of the diagram; and 4.4 hours by 
the double transition of route (1). A question has arisen whether the 
excited nucleus in state C' would modify the chemical reactions of the 
atom itself. This is an important question to answer as it affects the 
wliole validity of the tracer method. 

Segre and Helmholz have given a convenient formula which can be 
applied to numerical estimates of what the likelihood is for nuclear 
isomerism. If a gamma-ray transition involves an energy E (Mev) 
and a change of angular momentum of I in an element of atomic num- 
ber A, an estimate of the decay constant A is given by 

logioX = 20.3 - 21ogio|l-3-5 • • • (2f - 1)) - (21 + 1){1.30 - logio^) 

-2/(0.84-^logA) (7) 

This rather clumsy-looking formula is very convenient to use and 
most instructive. If, say, ^ is 1 Mev, A is 50, and 1 is 1, the value 
found for A is 7.9 X 10'® inverse seconds. However, if E is 0.1 Mev, 
A is 100, and I is 4, the completely different result A = 1.4 X 10~® 
inverse second is obtained. The two corresponding half-lives are 
8.7 X 10”'^ second and 5.7 days. Nuclear isomerism tlnis represents 
those cases where nuclear structure requires a large change of I for 
the emission of a gamma ray with attendant long half-life. Hence it 
is also referred to as gamma-ray decay. 

Emission of gamma radiation 

Although the emission of gamma radiation has been mentioned as a 
natiiral consequence of the possibility of decay to an excited state of 
the product nucleus, a little elaboration will do no harm. If one looks 
through the list of radioactive elements and their properties given in 
Appendix 2 it can be seen that about a third of the elements are 
simple, in the sense that they emit only beta rays; the remainder emit 
gamma rays in addition. This emission of gamma rays is a great help 
in many counting experiments as their presence permits the detection 
of the radioactive material through great thicknesses of material. The 
amount of gamma radiation emitted depends on the relative numbers 
of transitions to excited states. Thus no general rule can be stated as 
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to which elements will give intense gamma radiations, and it is nec- 
essary to consult tables to obtain information on this point. 

Internal conversion 

In some cases a fraction of the transitions from an excited state to 
a lower state is achieved by conveying energy to one of the elec- 
trons in the extranuclear structure. This is called internal conversion 
and is of great theoretical interest as it is a process whicli can be 
rather thoroughly treated theoretically. The effect of internal conver- 
sion is to inject sharp lines onto the beta-ray spectrum. In some 
cases of gamma-ray decay there is no continuous beta-ray spectrum 
but only the internal conversion line. The lines are of energy deter- 
mined by the gamma-ray energy less the electronic binding energy. 

It is possible for a sufficiently energetic transition to produce a 
positron-electron pair near the nucleus. This is a second category of 
internal conversion, called internal pair formation. 

Positron emission and K-electron capture 

We have made the point that the process of radioactivity, the pas- 
sage from an unstable nucleus to a more stable one, does not imply 
that the adaptation always requires the change of a neutron into a 
proton, electron, and a neutrino; the reverse process of the transition 
of a proton into a neutron, a positron, and a -neutrino can also take 
place. If this occurs the detected charged particle is now a positron, 
and, as one or two features ‘'of positron emission differ from electron 
emission, they should now be considered. The first difference has al- 
ready been mentioned: the fact that a positron is really a “hole” in 
the states of negative kinetic energy requires that at least 1 Mev of 
energy be supplied to eject an electron from a place in these states of 
negative kinetic energy and so create a positron. If there is less than 
1 Mev of available energy due to the difference of mass between the 
initial atom and the daughter atom, the emission of a positron can- 
not take place, and in any event the kinetic energy possessed by the 
positron for a given amount of disintegration energy is always less 
than that of an electron by this amount of 1 Mev. Thus emits 
positrons with a maximum energy of 1.20 Mev, while the difference in 
mass between and the product is 2.22 Mev. 

The reader will have natural curiosity as to the events expected if 
two atoms are found in which the difference of mass is less than 1 
Mev, and such that the more stable requires the emission of a positron 
from the less. Such atoms do occur, and the passage to stability is 
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cfTectc'd by the absorption of an electron from the outer atom, again 
one of tlie cases in which we become conscious of tlic existence of the 
ordinary electronic structure. In anv atcaii the innermost shell of 
electrons, the K shell, possesses no angular momentum, and therefore 
the function which describes the probability of finding one of these 
(“lectrons has a definite value inside the nucleus. One is not surprised 
that this fact makes it jiossible for an unstable nucleus to have a tend- 
ency to absorb this electron permanently and S(^ gain stability. This 
process, known as A'-electron capture, has several interesting features. 

They can be understood from a definite example. The nucleus 
has been shown by W’alke, \\'illiams, and Evans to be of this type; it 
is radioactive by A’-elcctron capture to form Ti^". The half-life is 
000 days. There is not sufficient energy to cause positron emission, 
and so an electron of the 7v-shell is absorbed by the nucleus. This 
now produces Ti‘*, with an electron missing iti the K^shell^ which 
missing electron must be replaced to render the atom neutral. The 
filling of this shell causes the emission of the x-rays characteristic of 
the A-shell of titanium, lujt vanadium, and by the presence of this 
x-radiation the process (d‘ A’-electron cai)ture can be detected; by 
showing the radiation to be characteristic of titanium and not vana- 
dium the explanati(m of the process is shown to be correct. Notice 
that to detect A-electron cajdure we need counting technique which 
will respond to rather soft x-radiation. It may happen that enough 
energy is available to cause the absorption of the A-shell electron and 
the emission of gamma radiation also, as in Be^, which goes to Li^ 
with the absorption of an electron and also the emission of a 0.45-Mev 
gamma my. Notice that the energy of the gamma ray is always 
rather small, generally below 1 Alev. Where this gamma radiation is 
also emitted the detectiem is easier as ordinary counters are satisfac- 
tory. A'-capt\ire becomes very important in the heavier elements 
where the electron density near the nucleus is high. 

Positron emission is always accompanied by a by-product in the 
form of annihilation radiation. The positrons have a transient exist- 
ence, and, especially in the presence of absorbing material of high 
atomic number sucli as lead, there is a considerable production of 0.5- 
Mev gamma radiation due to the “annihilation*' of the positron, or 
ratiu'r the filling ol the “hole” in the states of negative kinetic energy, 
which a])pears to be a ])ositive particle. This was explained more fully 
in Chapter 2. I he result is that there is ahvays the appearance of 
gamma ladiation Irom positron emitters, hut great care must be taken 
if the radioactivity is delecteil by means of this radiation, as the 
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amount varies with the nature of the material around the apparatus, 
thus giving erratic readings. The annihilation radiation is not gcnei- 
ated in the primary radioactive substance, but as a secondary pioduct 
in absorbing material near by. 

"Pareni" and "daughter'' elements'"^ 

We have so far described the fact of radioactivity as the jirocess of 
reversion to type. Only a limited number of processes is available for 
this readjustment, and it is therefore not surprising if the final adjust- 
ment does not take place in one radioactive change. :Many such 
atoms are known, as for example the decay of Co--^ into Fe-'^^ by the 
emission of a positron, followed by the change of Fe"'* into Ain-- by 
/v-capture. The is finally stable. The second radioactive cle- 

ment is called the “daughter” of the first “parent” element. The dis- 
covery of the growth of one element from anothei is often of the 
greatest value as a means of identification. 

Delayed neutrons 

Perhaps one of the most interesting parent-daughter processes is 
that by which delayed neutrons are produced. These were originally 
discovered in connection with uranium fission, and their importance 
in the control of a chain reacting pile is described in Chapter 11. An 
example of the process which occurs is afforded by the nucleus 
This property of the nucleus was discovered by Alvarez. This 
can be produced by bombarding by alpha particles according to 

the reaction C^Hap)W\ The can readily decay to O'’ which 

is stable. However, there must be a strong structural difference be- 
tween the N'’ and O'’ in its ground state, for the N'’ prefers to decay 
to O'’ in a state of high excitation. This highly excited oxygen is 
capable of splitting off a neutron to form O'", a process which occurs 
essentially instantly. The daughter element O'’*, where the star in- 
dicates excitation, thus emits a neutron but the rate is controlled by 
the half-life of the parent element which is 4.6 seconds. The com- 
bined process is then 

N'’ ^ O*’* 4- e (4.6 seconds half-life) 
q17* q 16 _|_ (instantaneously) 

Alpha-particle emission 

It has been stressed that radioactivity is the passage from an un- 
stable to a stable nucleus. In the foregoing it has been assumed that 
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tlic adaptation is by the change of a neutron into a proton, or vice 
\x’rsa. but there is no real reason why this should be the only method 
of adaptation Any method which permits stability to be reached will 
be expected to tal^ place, but not all such methods will give rise to 
radioactivity, which is a process which occupies time. We have just 
seen that the emission of a neutron is possible, but it is instantaneous. 
The emission of a proton might not be instantaneous because the 
j)enctration of the barrier might act to diminish the probability of 

emergence. Such barriers are not 
very high and the time to decay 
might still be short. However, the 
barriers opposing alpha - particle 
emission arc twice as high, and in 
the case of very heavy nuclei with 
large nuclear charge it is possible 
tliat the time for escape of a rela- 
tively energetic particle might be 
long. 

This is found to be the case. Many 
elements, notably uranium and ra- 
dium, emit alpha particles with long 
half-lives. These arc 10^ and 1S30 
years, resjicctivcly. Actually both 
these elements are unstable in a to- 
tally diiTercnt sense from beta emit- 
ters. The nucleus can almost be 
thought of as already split apart, 
with an alpha particle ready to 
emerge, but the barrier holds back 
the alpha particle until the penetra- 
tion phenomenon perm-its it to leak out. We wish to make the point 
that any form of adaptation to protlucc stability can be thought of in 
a general way as radioactivity; aljiha-particle emission is more favor- 
able for long-lived processes of adaptation. 

The details of tlie process are usually explained by the type of dia- 
gram in I'ig. S. This is similar to the diagrams of transmutation proc- 
esses shown in the previiais chapter. The alpha particle is thought of 
as moving under the inlluence of the rest of the nucleus, which will be 
the daughter nucleus alter the separation has taken place. It is sup- 
])osed io have enovigh energy ot excitation so that it could escape, a 
lact represented on the iliagram by a positive value for the line EF 


Fig. 8. Alpim-pnrticle emission. 
The alpha particle has enoujili t'X- 
ct'.<s oniMgy EX to escape but is 
1)(4(1 back by the potential barrier. 
It therefore continues to move from 
E to /'* in.side the well, but as the 
harrier has a finite tliickness the 
particle lias a finite time to escape 
at each collision with E or F. In 
lime it will do so, its half-life being 
less, the greater the available en- 
ergy EX. 
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which denotes the level occupied by the alpha jiarticle. The existence 
of the potential barrier, which is due to the sui^crposition of the cou- 
lomb repulsion on the attractive nuclear field, renders the escape of 
the alpha particle possible, but subject to being hampered by the ne- 
cessity of penetrating the barrier: in more accurate language, the 
alpha particle has, at each collision it makes with the walls at or F, 
a finite chance of penetration. The greater this chance, the fewer 
transits of the distance EF will be necessary before the alpha particle 
escapes. This chance depends markedly on the height and thickness 
of the barrier to be penetrated, and these in turn depend on the dis- 
tances EG and ED or finally on the degree of excitation of the alpha 
particle if the shape of the barrier is, in general, the same for different 
cases. We therefore predict that if fast alpha particles are observed 
the half-life of the emitting element will be short, and if the alpha 
particles are slow the half-life will be very much longer. This ex- 
plains the rule found empirically by Geiger and Nuttall, that the 
logarithm of the half-life is proportional to the logarithm of the energy 
of emission of the alpha particles. It is not exact, and this deviation 
from exactness is laid to the variation in the potential barriers from 
one radioactive element to another. Alpha-particle emission is thus 
observed virtually only among very heavy elements where the poten- 
tial barriers are high and also the increased importance of the coulomb 
forces in the nuclei renders elements unstable with respect to alpha- 
particle emission. 

Radioactive series 

The passage to stability is not always achieved in one change. If 
the way in which an element is formed is unrelated to its own struc- 
ture, as happens in nuclear fission, there can result a series of radio- 
active processes which ultimately achieve stability. The most strik- 
ing examples of such series are found where alpha-particle emission 
can take place. In the region of the elements where alpha-particle 
decay takes place, there is a great excess of neutrons over protons. 
The emission of an alpha particle, which takes out two protons with 
only two neutrons attached to them, tends to increase this e.xcess, 
and it may well happen that the excess is too great for stability, which 
accordingly gives rise to ordinary electron emission. This means that 
the alpha-particle emission is accompanied by beta-ray emission from 
the daughter element, and we have a chain of radioactive decay. 
Three such chains have been known for a long time: the thorium, 
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uranium. an<l actinium series. The feature (T these series is the ap- 
proximate alternation of alpha-pai'ticlc emission with beta-ray emis- 
si(»n. They may be explained nnighly as due to tlie tendency for the 
highly charged nuclei to eject alpha particles, followed by a tendency 
to diminish the resulting neutron excess i)y beta decay. 

'fhe subject of natural radioactivity is covered quite satisfactorily 
in several .standard works, to which wc refer the reader. As far as the 
use of naturally radioactive elements in tracer work and other appli- 
cations is concerned, they may be treated as being the same as arti- 
ficial products. 

To summarize this chapter we may repeat that radioactivity is the 
])assage from an unstable nucleus to a more stable, the change gener- 
ally b(‘ing accompanied by the emission of a charged jiarticlc which 
has enough energy t(j ionize. The commonest process of adaptation is 
the change of a neutron into a proton, electron, and neutrino; or a 
proton int(» a neutron, iiositron, and neutrino; the rate of the change 
depends on the available energy as determined by the relation E'' X 
(half-lifel is roughly constant. The energy is divided on the average 
nearly efpially between the electron or positron and the neutrino, re- 
sidting in a bell-shaped distribution curve whose maximum value is 
the “disintegration energy." The rate of decay is ]U'o)iortional to the 

»y, giving a logarithmic decay curve, 
d'he existence of excitetl states in the daughter nucleus can give rise 
to the emission of gamma radiation, which modifies the distribution 
curve to a superposition of several curves and favors the emission of 
electrons ot less energy. It a metastable state exists in the parent 
element, two decay periods are possible for the same radioactive 
change — the phenomenon of nuclear isomerism. Positron emission 
dillers Irom electron emission in re(piiring the extra energy of 1 Mev 
to create the positi'on and also in the accompaniment of “annihilation 
radiation. hen there is insufficient energy to elTeet the creation of 
a ])ositron, an electnm is captured instead, a j^rocess known as A-elec- 
tron cajiture. Al])ha-particle emission occurs among the heavier ele- 
ments whiu’c there are high potential barriers and consitlerable cou- 
lomb forces; it is generally accomi>anied by subsequent beta emission 
giving rise to a radioactive series. 

\\ e have now covt'red the necessary accanmt of the nature of nuclear 

ph\.''ics sufficiently io make its aiiplications intelligible; in the next 

cliapter \\e shall consider the manufacture and counting of radioactive 
ehanents in some detail. 


REFERENCES 


157 


REFERENCES 

Hevesey and Paneth, A Manual oj Radioactivily. Oxford University Press, 1938. 
An excellent and readable account of classical radioactivity with sufficient 
modern material to make the book most valuable to one who wishes to go 
more deeply into radioactivity as a subject of study. 

J. Chadwick, Radioactivity and Radioactive Substances, Pitman and Sons, 1932. 
An amazingly compact account of classical radioactivity. Possibly the best 
short technical “handbook” ever written. 

Glenn T. Seaborg and I. Perlman, “Table of Isotopes,” Revs. Modem Phys., 
20, 585 (1948). An invaluable review article, with excellent tables. 

J. M. Cork, Radioactivity and Nuclear Physics, D. Van Nostrand Company, 1947. 

P. B. Moon, Artificial Radioactivity, Cambridge University Press. 1949. A very 
valuable account, which can be used to amplify what is said here. 



Z' Technique in Artificial Radioactivity 


This chapter will frankly be written for the individual who is inter- 
ested in making actual measurements that involve artificial radio- 
activity. If we were considerate we would advise the general reader 
to pass on to more rewarding cluiptcrs, hut as he has taken the trouble 
to obtain this book we do not see whv we should not make the claim 
that the material in this cliapter is as interesting as the remainder and 
let liim prove us to be in the wrong after perusal. The physicist is 
often accused of being ratlier aloof, of regarding the applications of his 
subject as beneath liis consideration once he has mastered it; and it 
may seem to some of our readers that we have in a sense been “holding 
out” on them until now, for we have not faced any practical problems 
as yet, anri the c|uestion may be arising whether we ever intend to do 
so. This chapter is the answer. 

W'c may begin with the problem of observation of various elements 
since it is usually tliis prt>blem tliat the actual worker has to solve 
while lie is waiting for the pliysicist to manufacture the sources for his 
experiments. Tlie question to be answered will always ajiiiertain to 
a particular problem and cannot be answered without thought applied 
to tiiat problem itself. For example, one might be interested in a 
jirobk'ni re(]uiring radioactive sulphur, and a glance at some tables 
wijuld show tliat has a half-life of SS davs and emits a beta rav. 
I'liis is a suiriciontly long lialf-lifc to make it jilausible that could 
Ik* used in exiK'riments in animals and followed during their lifetime 
by counters outside the animal. Actually the beta ray has a maximum 
(iiergy ot only 0.1 Mev; no gamma ray is emitteil; and the sulphur 
would be undetectable through even the skin of the animal. The ex- 
])eriment W(»uld therefore fail. 


General considerations in counting 

\\ith this example it may apj^ear that the problem of determining 
whether a piece of research is to be attempted is one for the expert 
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alone to decide. This is only partly true. A great deal of the problem 
of counting is related to the question of whether the radiation from 
the radioactive substance can enter the counting mechanism or not. 
This means that absorption is of prime importance in deciding the 
feasibility of an experiment. Now in the second chapter we describeri 
the various types of radiation, and in the third the various types of 
counting technique. It generally happens that detection is by means 
of the effects of beta radiation, and therefore it is in place to consider 
the absorption of beta radiation first. We made the point in the sec- 
ond chapter that, although a beta ray of a definite energy had a cer- 
tain maximum range, its path through matter was devious and one 
could not be sure that the thickness of absorber which would stop the 
radiation from reaching a counter would represent the thickness cor- 
responding to the energy of the particular electron. This is a real 
limitation in making measurements of beta-ray energies by absorption, 
but it is not particularly annoying if one is merely interested in mak- 
ing sure that counting methods will work in a given experiment. In 
practice one can allot to a beta ray of a given energy a definite thick- 
ness of material which it can penetrate. One must be ready to find 
that this is an average value, not accurately followed every time, but 
a perfectly good guide. The thickness of material depends on the sub- 
stance used to act as absorber, but not markedly so if one expresses 
the absorption in terms of mass per square centimeter instead of actual 
thickness. 

By and large the absorption depends on the numbers of electrons 
jiassed in the material, and in a square centimeter of any material 
having the same weight there are about the same number of electrons; 
thus the thickness of gold which will just stop a l-I\Iev electron is 
roughly 0.5 gram per square centimeter, whereas the same electron 
would have been stopped by 0.4-gram per square centimeter thickness 
of aluminum. In point of fact the thickness (mass per square centi- 
meter) of any material which will stop an electron of given energy 
depends on the ratio of the nuclear mass to the nuclear charge; the 
gi-eater this ratio the less effective the material is, and therefore the 
greater the thickness which must be interposed to be correspondingly 
effective. 

It may happen that the idea of measuring the thickness of an ab- 
sorber in mass per unit area is unfamiliar to the reader. If this is so 
we might mention that it is common practice in all kinds of nuclear 
absorption work to use this method of expression, partly because very 
thin films can be measured more accurately this way, and partly be- 
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cause it comes close to measuring the really effective quantity; if one 
measured the number of electrons per unit area it would be still better, 
but this is rather too far from ordinary practical measurement. To 
take a definite example, we could consider a tliickness of 1 mm of 
aluminum, which is a very average absorption thickness for beta-ray 
experiments. This would have a volume of 0.1 cc for every square 
centimeter of its area; and. as its density is 2.6, the mass i>er unit area 
would be 0.26 gram. We can thus see from the figure quoted above 
that to stop a l-Mev electron would rc(piire a 1.52-mm thickness of 
aluminum. The same reasoning leads to a thickness of 0.26 mm for 
gold. As a very rough guide we can give the rule: t X d = 0.54^^,„ — 
0.16. Here t is the thickness measured in centimeters, d is the density 
in grams per cubic centimeters, and E,„ is the maximum encrg>’' of the 
electron in Mev. Tliis rule must be considered a rough guide only, 
but with that proviso it aj^plies to any substance used as absorber. 
We shall refer to it as the rough beta-ray formula. 

We can now try out the rule for one or two examples and see what 
else we need to know. Let us suppose that we wish to count radio- 
phosphorus, P**'-, with its maximum energy of 1.7 Mev. Suppose also 
that we have available a counter with a glass wall 1 mm thick and a 
copper electrode 0.25 mm thick. How effective will this be, and is 
much to be gained by an elaborately constructed thin-walled cenmter 
or electroscope? The density of glass is 2.5 gram per cubic centi- 
meter; of copper, 8.9 gram per cubic centimeter; using the rough beta- 
ray formula we find that this counter will stop all electrons of less 
energy than 1.2 Mev. In obtaining this result we add the separate 
products of thickness and density to get the left-hand side of the 
rough beta-ray e(|uation. A glance at tables will show that does 
not emit any gamma radiation, and we can therefore plot a rough 
distribution curve for the emitted electrons by drawing a bell-shaped 
curve witli the maximum at the one-third-limiting energy of 0.55 Mev; 
this shows roughly that one-sixth the area under the curve or one- 
sixth the total number of electrons emitted has energy greater than 
the value of 1.2 Mev corresponding to the least energy which will 
suffice to enter the counter. Thus, though there is no doubt that the 


counter will 


readily detect the electrons from P^-, 


it will be rather in 


efficient. It would have been better to use thinner glass and thinner 


copper; the rough beta-ray formula shows that halving the thicknesses 
of both woidd permit electrons of 0.75 Mev to register, and this would 


count 40 ))er cent of the total electrons omitted. 
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All further improvements are not very rewarding as it gets increas- 
ingly difficult to diminish thickness and the counter is already sensitive 
to the majority of the electrons emitted. To save the reader a little 
trouble we might say here that an ordinary counter, constructed with- 
out special precautions, will permit beta rays of energies between 0.6 
and 0.9 jMev to register. Thin-walled counters can be made which will 
count as low as 0.05 Mev; below this it is necessary to use electro- 
scopes or actually put the material in the counter itself. 

Before we consider these more elaborate techniques we might apply 
the rough formula above to another substance, Ca^’’, the ISO-day cal- 
cium isotope. This has a maximum energy of 0.25 Alev, and as it 
has a long half-life, and is difficult to prepare in large amounts, its de- 
tection is likely to be a borderline matter. The counter should there- 
fore be of the thin-walled variety, and then a great advantage will be 
gained over the use of an ordinary counter. In Appendix 4 we pre- 
sent a discussion of the absorption of beta rays which will enable 
the appropriate counting technique to be decided. In self-defense we 
should say here that we do not claim that all the figures given are 
accurate; they are intended to serve as a guide, not as a reference for 
research in nuclear physics. 

The reader who may be intending to ask for a grant to buy ap- 
paratus may like to know why sometimes counters are used and 
sometimes electroscopes. Both have their advocates; a well-equipped 
institution should own both. The electroscope is probably the more 
universally useful, and a determined experimenter can adapt an 
electroscope to fulfill any function that can be satisfied by a counter 
except the registering of coincidences. For this reason the counter is 
used most commonly in cosmic-ray work where whole trays of count- 
ers working together are commonplace. The Geiger counter is, on 
the surface, the most sensitive detecting agent since it unquestionably 
detects a single fast particle, and no more can be asked of it; this fact, 
however, is not all, as a counter also has inevitably a background 
count, of the order of 2 per minute per square centimeter of surface of 
the electrode, and so it is not really practicable to detect less than 
half the background. This is a serious limitation on an apparently 
perfect detector, as it requires a source capable of producing about 
10 impulses per minute to detect. The electroscope, supposing that 
the insulation is perfect and that it is shielded carefully, can have a 
very slow rate of leak; for example, a Lauritsen electroscope has a 
rate of leak of about 5 divisions per hour, while a source capable of 
producing 10 pulses per minute in a Geiger counter will add 2 more 
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(livis^ions per hour. The source that can be readily detected by a 
Geiger counter can thus also be detected by a Lauritsen electroscope. 
The main difference is that it would take two hours to determine the 
rate of leak of tlie electroscope, whereas the Geiger counter would 
have yielded complete information in a few minutes. For rapid work 
witli weak sources tlie Geiger counter is to be preferred. For ordinary, 
run-of-the-mill counting of easy elements there is not much choice. 
The electroscope comes into its own when slow electrons have to be 
counted. 

The way in which an electron ionizes as its speed is reduced is of 
great interest. We give below a short table relating the number of 
ions produced in a 1-cm path in air by electrons of various energies. 
Notice that the less the speed the greater the ionization; in fact, a 
simple relation holds between the velocity of the fast electron and the 
ionization jier centimeter. If this ionization is called /, then Iv^ is a 
constant, v being the velocity of the electron. This relation is a little 
troublesome to use as the velocity of an electron of given energy must 
be calculated by allowing for the cliange of mass with velocity, and 
the table is a more convenient way of seeing wliat happens. 


TABLE 


1 


Eneroy of ElEC'TRON 

(Mev) 


Ionization Produced in 1 Cm 
OF Air (Ion Pairs) 


0.05 

0.10 

0.20 

0.30 

0.50 

1.00 


250 

175 

96 

76 

60 

53 


The difference between a counter and an electroscope is that the 
countt'r i.s a “trigger-action” instrument, which records large and small 
ionization in its sensitive volume equally well, whereas the electro- 
.'<c()pe r(‘cords the ionization, giving large readings for large ionization. 
In the usual Lauritsen electroscope there is a path length of about 7 
cm; and an electron of 0.1 Mev, which will just traverse the air in the 
ionization chambei', will ju-oducc 1400 ion pairs, whereas a fast elec- 
tron of, say. 1 Mev will produce only 350 ion pairs. It is clear that 
the elect rosco]>e is operating more favorably in detecting slow elec- 
tions than fast, and this, coupled with the fact that there is no need 
for a thick case to hold a vacuum as in a Geiger counter which would 
luevent the entry of slow electrons, makes the electroscope very suit- 
able for detecting low-energv electrons. 
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Before we consider the counting of gamma radiation it is of interest 
to consider one or two consequences of the ionization relation gi^en 
above. It may be desired to employ electroscope technique to count 
fast electrons which produce relatively little ionization. The sensi- 
tivity can then be greatly increased by using an ionization chambei at 
several atmospheres’ pressure. In many respects this is the best way 
of detecting electrons. The use of high pressure increases the number 
of atoms of air in the path of the fast electrons on their way through 
the ionization chamber and so increases the number of ions formed. 

To give an example: it would be possible to obtain the same number, 
1400, of ions with the same ionization chamber traversed by l-iMev 
electrons as was formed by slow electrons; this would be achieved by 
filling the ionization chamber to 4 atmospheres. This type of ioniza- 
tion chamber has the advantage that it can be made to be recording 
and is not subject to variations in sensitivity if the pressure is kept 
the same. It is also common practice to fill the ionization chamber 
with some heavy vapor such as SO 2 or methyl iodide, which fulfills the 
same purpose. 

The question of constant sensitivity is important. An electroscope 
is generally well protected from mechanical disturbance and will al- 
ways have the same properties. This is also true of a Geiger counter 
if it is carefully sealed and is constructed to have a good “plateau” so 
that extraordinary precautions to ensure constancy of the voltage 
supply are not required. Nevertheless, the recording equipment is 
more elaborate, and unless the operator is sure of his business it is 
quite possible that some factor (e.g., the bias on the thyratron re- 
corder) will vary and this will introduce a varying sensitivity. There- 
fore it is easier to secure foolproof constancy of operation with an 
electroscope than with a counter, and it is especially preferable to fol- 
low electroscope technique for work where long-lived elements are 
concerned and comparison has to be made between readings taken 
several days apart. With these considerations in mind the reader can 
decide for himself which method of observation to adopt. 

Gamma-ray counting 

The counting of gamma radiation is the next matter to consider. 
Gamma rays are not counted directly; it is the secondary electrons 
that they produce that cause the ionization necessary to be detected. 
This fact should be considered carefully. The radiation has various 
methods of interacting with electrons (or any charged particle), and 
these produce various effects. For instance the photoelectric effect 
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means that the whole energy of the gamma-ray quantum is given to 
an electron in one occurrence; the formation of a pair of electrons also 
uses up the whole gamma-ray energ>'; on the other hand the process of 
C'ompton recoil, considered in the next section, imparts only a fraction 
to the electron. As far as counting the gamma ray is concerned we 
need mostly to note tliat the radiation produces secondary electrons 
which have somewhere near the energy of the incident gamma radia- 
tion. and that it is these electrons which must be detected. 

It is still true that absorption plays a fundamental part in the de- 
sign of a detecting apparatus, hut in a rather different way because 
the absorl)cr has two effects: the first is the usual stopping of the elec- 
trons; the secoiul is the actual formation of the fast secondaries. The 
second effect introduces important differences. Electromagnetic radia- 
tion will interact only with charged particles, so that unless some 
charged particles are encountered there will be no effect on the gamma 
radiation. As soon as material containing electrons is placed in its 
path the radiation has a chance of interacting with the electrons and 
losing energy to them; this means that initially the number of sec- 
ondary electrons increases as the thickness of material interposed in- 
creases. What happens as the amount of material is still further in- 
creased depends on the energy of the gamma radiation, for, if it is 
great, the electrons i)roduccd will not be absorbed until a considerable 
thickness of matter is interposed, whereas if it is small the secondary 
electrons will have rather low energy and will be absorbed by a small 
thickness of matter. There is thus an increase in the yield of sec- 
ondary electrons as matter is interposed in the way of the radiation 
up to a thickness at which the electrons begin to be absorbed. There- 


fore counters with thick walls are better for gamma-ray counting than 
thin-walled counters; in fact, there is also an improvement if a heavy 
element such as gold is used as the electrode of the Geiger counter. 
Scintillation counters, although they have a high background, arc 


more sensitive to gamma 


radiation. 


This is because the electrons 


produce which is not rapidly absorbed. 


Absorption of gamma radiation 

A word here (»n tlic absorption of gamma radiation in general will 
be useful. The three juocesses of interaction of radiation with matter 
photoelectric eflect, j^air lormation, and Compton recoil — all con- 
tribute to the absorption. All three are ditTerent in nature. There is, 

among all three that the moment of interaction 
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cannot be predicted, only a probability of interaction. This means 
that gamma radiation is never completely absorbed by any finite 
thickness of material, for if we have a source emitting many gamma- 
ray quanta there is always a chance that one of them will not interact 
with an electron until it has passed the absorption screens interposed, 
no matter how thick they are. 

Notice that any one gamma-ray quantum is often completely ab- 
sorbed; it is a large number from a source that cannot be absorbed for 
sure. 

The process of gamma ray absorption follows that of any random 
absorption process as described on p. 106. The result obtained is 

dn 

_ = -aNz 
n 

where tr is the cross section for absorption and N is the number of elec- 
trons per unit volume. The integral of this is 

n = noe”"^* 
or 

<tN t 

logio no - logio ” = ^ ^ ^ 

The quantity t = <tN is called the absorption coefficient The ab- 
sorption process depends on random interaction with the electrons in 
the atoms of the material traversed. 

With different materials, different absorption coefficients must be 
used, a fact which is rather confusing and which has led to the prac- 
tice of writing the absorption coefficient per electron, which gives 
values which can be more readily compared from one material to an- 
other. The absorption coefficient per electron is the quantity a- used 
above and is in reality the cross section per electron. Another prac- 
tice is to give the mass absorption coefficient, which is the absorption 
coefficient per gram of material in place of per centimeter of path. 
The mass absorption coefficient is r/p where p is the density in grams 
per cubic centimeter. 

Of the three processes we have mentioned as causing the absorption 
of gamma radiation, the first two depend markedly on the nature of 
the element used as the absorber, and the third and most important 
(in general) is independent of the material but depends only on the 
number of electrons present for a given energy of the gamma ray. 
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If we write the absorption coefficient per electron as the sum of three 
coeffifients with self-explanatory symbols, t ,. = XpA 4- ^pn + Trr» we 
can discuss each process separately. Take the photoelectric absorp- 
tion Tpf, first. This procc.<.s rcfpiires the transfer of the energy of the 
“photon” (the gamma-ray quantum) to an electron bound in the atom 
l)y a process already familiar in atomic physics. The chance of such 
an event is great if the energy of the photon is close to the energy of 
the electron in its orbit, and, as for light elements this never exceeds 
a few thousand electron volts, the high-energy gamma quantum is un- 
likely to give up its energy; for heavy elements the energy of an 
electron in a deej) level is of the order of 100,000 electron volts and 
the chance is much greater. The absorption coefficient for the photo- 
electric effect Tph is then greatest for heavy elements and relatively 
low-energy gamma radiation. The coefficient for pair formation Tp„ 
will be zero unless the radiation has an energy exceeding 1 Mev for 
all elements, as pairs cannot be formed unless the energy equivalent 
to the mass of the pair is available. The theory of pair formation 
shows that the chance of such an event is greater in the proximity of 
a heavy element and also greater for energetic radiation; the coefficient 
tlierefore increases for increasing atomic weight of the absorber and 
with the energy of the incident radiation. Finally the third coefficient 
Trr depends only on the energy of the radiation, decreasing smoothly 
with energy. 

The reader will see that if an al)sorption coefficient is measured in 
lead there is a chance that it will corresjiond to two energies of radia- 
tion; one of high energy which is being absorbed mostly by jiair forma- 
tion, and one of low energy which is being absorbed by the plioto- 
electric effect more than any other way. Tliis fact discourages the 
use of lead as absorbers in experiments to determine the energy of the 
radiation and leads to the use of aluminum, for which the onlv effect 
whicii is im|)oitant is the process iif Cinnpton recoil, and which leads 
to a imi(nie value for the deduced energy. 

It i.s not likely that detailed knowledge of gamma-ray absorption 
will be needed by many readers, but it may happen that a (piick de- 
termination ot the energy of a photon may be recpiired for the purpose 
ot checking the absence of an impurity, or some other reason, so we 
gi\c heie a (able ol absorption C('effi{’ients per electron for the Ci>mp- 
ton effect ah»nc. If absorbers of light elements such as aluminum arc 
used, the.<e values will be accurate for energies up to 3.5 ^lev, which 
covers most i'adioacti\-e elements. 
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Absorption 

Half-Value 

Energy of 

Coefficient 

Thickness 

Gamma Ray 

PER 

IN Aluminum 

(Mev) 

Electron 

(cm) 

0.5 

2.7 X 10“'^® 

3.1 

0.8 

2.3 

3.8 

1.0 

2.0 

4.2 

1.2 

1.7 

4.5 

1.5 

1.6 

5.0 

2.0 

1.3 

5.8 

2.5 

1.2 

6.5 

3.0 

1.1 

7.1 

4.0 

0.8 

8.2 


To save a little time in calculation we include also figures for the 
half-value thickness in aluminum; this thickness is the thickness which 
will absorb half the radiation on the assumption that only one energy 
of gamma ray is present. If several energies are involved, as is fre- 
quent, the curve for the logarithm of the ionization versus thickness 
must be decomposed in a manner similar to that about to be described 
for the logarithmic decay curves found when several radioelements 
are present simultaneously; to each single line so obtained there will 
correspond a half-value thickness characteristic of the particular 
gamma quantum involved. 

AVith this information and the understanding of the general features 
of detecting electrons, the reader can decide for himself whether any 
given counting arrangement is satisfactory for measuring gamma rays. 
It will be noticed that the yield of secondary electrons obtainable is 
not greatly dependent on the energy of the radiation, for the greater 
the energy, the thicker the material which will evolve secondaries be- 
fore they are absorbed. 

Complex decay curves 

In the last chapter we described the features of a simple decay 
curve, and in the above section we have explained that a single gamma 
energy gives an exponential absorption curve. Both these cease to be 
simple exponentials when more than one radioactive substance is pres- 
ent in the plotting of decay curves or when more than one gamma 
quantum energy is present in the plotting of absorption curves. AA hat 
can be done to sort out the complications which result in such cases? 
Let us consider the first case of superposed exponentials, namely, de- 
cay when several elements having different periods are present. Sup- 
pose that we have a target fresh from the cyclotron, for example 
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radiophosphorus. This is supposed to have a half-life of 14 days, 
and if we put the target in front of a Lauritscn electroscope and ob- 
serve the decay of the activity, we would expect that it would remain 
cf)nstant during the first day at any rate. Actually it is almost cer- 
tain that the rate of decay would show a marked fall within the first 
10 minutes and that even after a day or two there would be a devia- 
tion from the simple logarithmic diminution. The reason for this 
deviation is the presence of impurities, of which the two most likely 
are N*"*, of half-life 10 minutes, and Na-', of half-life 15 hours. The 
first is due to the presence of carbon, an almost universal contaminant, 
the second to sodium, the two reactions being and 

Na-^ld/UNa^^. The target thus contains tliree radioclements in place 
of one, and eacli of them decays with its own characteristic half-life. 
If necessary, the three coukl very easily be shown separately experi- 
mentally. Thus emits positrons, and by using a magnetic field to 
bend out the electrons the activity of alone could be detected; 
also Na^‘ emits hard gamma rays, and by interposing several centi- 
meters of lead as absorber the activity of Na-^ alone could be fol- 
lowed; the activity of the phosphorus would then be the difference 
between the separate effects of the sodium and the nitrogen and that 
of the total (a little correcting would have to be done for the different 
sensitivity of detection of gamma radiation and beta radiation). 

We can then see that the simple decay curve obtained without any 
such ex|)erimental sorting out would be the sum of three curves, each 
of which is a simple exponential, following a definite manner of decay. 
In fact, we could write the equation of the complex curve as 


N = Ni + N2 + N3 = 

where N is the total number of radioactive atoms present at any time; 
Vi, ‘iJid iV 3 are the numbers of atoms of nitrogen, sodium, and 
pliosphorus presc'ut at any time; and Np are the initial numbers 

of nitrogen, sodium, and phosphorus produced by the bombardment; 
and Xi, X 2 , and X 3 are the three decay constants for the three elements. 
A similar relation holds for the activities. If we write the above rela- 
tion in terms of logarillims we get 

In .V = In -h 


This will not give a straight-line graph for the logarithm of the activ- 
ity against time. However, if we wait several days we find that a 
graph so plotted actually straightens out and obeys the relation for 
the simple decay of ratliojihosphorus. Looking at the equation above 
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we see that the two first terms on the right-hand side approach zero 
in a few days; the first, indeed, does so in a few hours. Then the 
equation becomes 


In iV = In (AV""'') = In “ ^ 3 ^ 

We can therefore use this simple relation to calculate the number of 
phosphorus atoms at any time or, more directly, the activity due to 
phosphorus at any time. This can 


then be deducted from both sides 
of the composite equation above, 
leaving an equation involving the 
activity due to nitrogen and sodium 
only. In turn the logarithmic plot 
of this activity straightens out after 
a few hours and enables the activ- 
ity due to sodium alone to be de- 
ducted. This finally leaves the ni- 
trogen alone. 

This kind of ^‘peeling off” is made 
very easy by plotting on semilog- 
arithmic graph paper. Such paper 
can be improvised by laying off 
the units for the ordinates from a 
slide rule. With such a graph, as 
indicated in Fig. 1, the line found 
at long times can be extrapolated 
back to zero time and the corre- 
sponding activity read off directly. 
This can then be deducted from 
the composite activity very easily, 
and a new curve drawn giving only 
the sodium and nitrogen. The same 
treatment can now be applied to 
this curve, the sodium deducted, 
leaving only the nitrogen. The de- 



Fic. 1. Decay curve for several ele- 
ments present at once, plotted .serni- 
logarithmically. After a long time 
all the activity is due to the long- 
lived element, and by drawing the 
straight line back the part of the 
activity at short times due to this 
element can be deducted. Thi.s gives 
a second activity curve, from which 
the activity due to the element of 
intermediate half-life can be de- 
ducted. The result is three separate 
straight lines corresponding to the 
three elements present. The back- 
ground activity must first be de- 
ducted as it does not obey a log- 
arithmic decay law. 


composition of a complicated curve in this manner is only a matter of 
minutes. The various lines are shown in Fig. 1. Notice that, if each 
straight line is carried back to the time corresponding to the conclu- 
sion of the bombardment, the yield is given by the value at that point; 
and also that if the analysis has been carried out carefully there will 
be agreement between the slopes of the lines and the accepted decay 
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constants. It is of interest that this procedure could be applied as a 
nictliod of analy.-^is for small traces of elements. The curves of Fig. 1 
correspond to an actual sample; notice that only about half the initial 
activity is that of the required phosphorus. 

The same type of analysis can be applied to absorption curves for 
gamma rays; the logarithm of the activity is then plotted against the 
thickness of the absorber. 

It may happen that the various periods are rather close in value, in 
which event the pcoling-{)fF process is less accurate. {It is at its best 
when the half-lives are quite different.) There one is up against the 
sort of problem faced by an analytical chemist and must seek what 
aids one can. A very useful technique is to folhny the decay of sev- 
eral sections of the sample, using a magnetic field to bend out positrons 
for one, or a layer of lead for the other, in the hope that the various 
elements will have different properties and so will be detected alone by 
one of the detecting apparatus. Each target prepared should be ana- 
lyzed by plotting a decay curve with an electroscope and a rough 
absorption curve in aluminum before it is decided that the sample is 
satisfactory for the intended purpose. 

It will be realized from wliat follows that the manner of preparation 
may greatly influence the nature of the product formed, and it must be 


repeated that each mode of bombarding should be tested as described 
to make sure that the later experiments are not nullified by the pres- 
ence of an impurity. To make this point clear consider numerical 
work with the sample of phosphorus of Fig. 1 . If it were measured 


cpiickly in the cyclotron laboratory and handed over as having the 
lull value at short times, then put into an animal and various sections 
of the animal brought back to the same laboratory at the end of a 
week, it would have appeared that much of the phosphorus had dis- 
appeared somewhere, aiul startling theories would be advanced to ac- 
count for the loss. By taking both decay and absorption curves and 
looking up the values obtained in reference tables, it is easy to avoid 


such errors. The use of the decay curve has been illustrated above; it 
might be worth pointing to an example of the use of absorption. Thus, 
if a source of P'*- is obtained by bombarding KH 2 PO 4 in a nuclear 
reactor, tliere will be present initially considerable activity from K"*". 
This gives energetic beta rays of maximum energy of 3.6 Mev, while 
P^- emits elections of maximum energy 1.65 Mev. The presence of 
K*“ can therefore readily be detected with aluminum absorbers thick 
enough to exclude the phosphorus railiation. 
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Growth of sources under bombardment 



Most of the readers who have assimilated the material on the 
decay of sources will be able to foresee the nature of the yield ob- 
tained for various times of bombardment. There will be a steady 
increase in the yield of atoms available to decay until the rate of 
production is equal to the rate of decay, after which there is no 
change. The exact nature of this increase in the yield can easily be 
seen. We remember that there are two rates of change of the number 
of radioactive atoms present, one an increase at a rate depending 
on the beam current, and the other the decrease due to decay, a de- 
crease proportional to the number of radioactive atoms present. AVith 
the simplifying assumption that the beam current is steady, we can 
represent the sum of these two rates of change as follows: 



where N is the number of radioactive atoms present, k represents the 
constant rate of production of radioactive atoms due to the beam, and 
A is the familiar decay constant. This equation leads to the conclu- 
sion that 

iV = - (1 - e-^*) 

X 

The reader will see the similarity to the growth of the current in a 
circuit containing inductance and resistance when the source of electro- 
motive force is applied. It will be noticed that it requires infinite time 
for the final value of N to be reached but that there is 50 per cent 
completion after a bombardment time equal to the half-life. If we put 
iV*, for the total possible number of radioactive atoms obtainable with 
a given beam, then = k/\, and the equation above becomes 

N = A^.(l - 

and substitution of the value of 0.69/X for t as explained in the previous 
chapter gives the figure of 50 per cent mentioned above. If bom- 
bardment for two half-lives is carried out, the percentage of the greatest 
possible yield is 75. 

The curie 

Once the numbers formed are known, these, together with the decay 
constants, tell us the amount of initial activity by the simple relation 
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fix fit = — is common to measure this activity in terms of 

the curie, and a discussion of this method of measurement is advisable 
here. The curie, named in honor of the discoverers of radium, refers 
to the amount of radon in equilibrium with 1 gram of radium element; 
a miUicnrie is tme-thousandth of this amount. The convenient fact 
tfiat radium can be detected without taking it out of its container led 
to the i)ractice of comparing amounts of radium by their effect on an 
electroscope wliicli was so shielded as to detect only the gamma radia- 
tion; provided that the comparison was always between radium 
sources the measurements had definite meaning. However, the con- 
venience of tiic method of comjiarison lias brought with it a tendency 
to compare sources of different elements with one another by the same 
means, which has reduced the term millicurie to something less precise 
than its true meaning. Thus it is common to speak of a millicurie of 
radiophosphorus, which is neither ratlium nor a gamma-ray emitter. 
If one looks at tlie fundamental quantity one seeks to describe about 
a radioactive source, it is not so much the ionization which will be 
produced in an electroscope, because this will de]iend greatly on the 
nature of the particular radioelement of wliich some eight hundred 
arc now known, but rather the number of atoms decaying per second, 
'fliis (luantity can be measured accurately, and it is fair to compare 
two elements on this basis even if one is a beta-ray emitter and the 
othc*r decays by A*-electron capture which jiroduces almost no ioniza- 
tion at all. Even if we accept this as the measure of activity it is still 
jiossible to use radium as the standard, for radium decays by alpha- 
particle emission and the number of atoms decaying jier second can 
ratlier easily be determined by counting the number of alpha particles 
emitted i>er second by a known amount of radium, and so we can adopt 
a new definition of millicurie. This new definition is: a source which 
(Iccatfs aucii that 3.7 X lU' atoms change per second is of l-millicurie 
strength. 

A second unit, the nitherford, is now taking its chance with custom 
to see it it is acceptable. This is simply a name for a source which 
decays at the rate ol lU’’ atoms per second. The abbreviation is rd. 

Example of a tracer experiment 

^ ^ ^ ^ aking the i>rocctlures of radioactive techniques seem 

more real consider an exainjile of research which imleed needs more 
work. 1 he basic proi)lem considered is that of diffusion of various 
kinds ()f elements through cell membranes. This is an interesting 
and inipoi'tant (|ueslion in biology and no adequate theory yet exists 



EXAMPLE OF A TRACER EXPERIMENT 


173 


for the process. Suppose that for cells wc choose red blood cells, or 
erythrocytes, and we pick on sodium, potassium, piiosphorus, and 
chlorine for study. These are available as indicated in the table. 


Element 



Half-Life 

14.8 hours 
14 days 
37 minutes 
12.4 hours 


RADI.VnON 

1.4 Mev /3; 1.4 and 2.8 Mev 7 
1.65 Mev /3; No 7 

4.94, 2.8. 1.2 Mev /3; 2.15 and 1.60 Mev 7 

3.5 and 2.1 Mev /3; 1.51 Mev 7 


Actually these are by no means the only isotopes which could be 
used. ^nd CP® are available and indeed one might consider 

IC®. These are all long-lived elements. Now it appears as though 
the longer the half-life the better. This is not necessarily so. In the 
first place the longer the half-life the less the decay constant and the 
more atoms have to be added to obtain a reasonable number of counts. 
In the second place long half-lived elements are hazards from the 
point of view of contamination and disposal and so are not always 
preferable. We will then assume that the four listed isotopes have 
been chosen. 

The radioactive element, say Na""*, is then brought into the appro- 
priate chemical form, for example, 0.01th M NaCl, and appropriate 
strength. This is done by adding the requisite amount of inert NaCl 
to a solution of Na**^’* which has the right number of counts per milli- 
liter. 

A sample of this original solution, which we call the standard, is 
then taken, for example, 0.1 milliliter can be drawn off, placed in a 
watch glass, and allowed to evaporate. The size of drop should 
not exceed half an inch in diameter. This is placed under a beta-ray 
counter of the type indicated on p. 35 or under a Lauritsen electro- 
scope, and the activity is determined. This will be some guide to the 
proper conditions for subsequent counting. Usually it is wise to put 
the sample at least 1 inch from the counter opening. 

The radioactive solution and the erythrocytes in whatever biologi- 
cal form is under study are then mixed for a definite time and the 
erythrocytes removed by centrifugation, washed thoroughly, and 
placed in a watch glass which is put under the counter. The total 
weight of red cells should be taken. If this process has taken more 
than an hour the time should be noted at every stage so as to allow 
for a correction for decay. 

The count is then recorded and this, less the background count, is 
the activity. This can be compared with the original activity and 
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the amount cliffiiscd or absorbed can be at once seen in relative terms. 
Repeating the process for different times of diffusion enables a permea- 
bility constant to be measured. 

The same procedure can be followed for potassium and phosphorus. 
For clilorine a decay correction is necessary. This is done as follows. 
The time of every count is recorded and a table made as below. 


Time 

PyLAPSED 




Number 

Net 


OF 

Time 



Time 

PER 

per 


Dav 

(min) 

Factor 

Count 

(min) 

Minute 

Minute 

Corrected 

11:02 


1.00 

532 

1 

532 

522 

522 

11 :37 

35 

0.52 

75 

1 

75 

65 

125 

11:43 

41 

0.46 

88 

2 

44 

34 

74 

12:01 

59 

0.33 

98 

2 

59 

49 

148 

12:00 

07 

0 . 285 

IGl 

1 

161 

151 

530 


Background, 10 per minute 


The factor to allow for decay is determined by plotting on semi- 
logarithmic paper a straight line jiassing through the 50 per cent 
figure at the correct half-life and reading off the amount by which the 
source has decayed at the time of the count. By dividing the actual 
count by this figure the activity at the time of no decay can be found. 
This gives the corrected figure which can then be readily compared. 

A simple device which the authors have used is to put a logarith- 
mically graduated dial appropriate to the clement on an electric clock 
and to read the factor directly. 

It is wise to check periodically the original sample made from the 
first solution. This is a safeguard against variation of the counter 
and circuit. Also the background count shoidd be taken from time to 
time. 

If it is necessary, after the counting process is completed, to know 
the actual amount of material which has diffused, it is best to know 
the total amount of an element, inert plus radioactive, in the original 
solution. 1 hen the amount in the standard can be computed purely 
in terms of the volume of the original solution and the volume sampled. 
It is possible to figure the number of radioactive atoms from the 
counting rate and the solid angle and efficiency of the counter, but this 
is not usually done. The amount of inert contaminant generally far 
exceeds the amoiint of purely radioactive material and hence the cal- 
culation is meaningless. However, it can be assumed that in the vast 


majority of cases the 
solution will behave in 


radioactive and inert material in the original 
precisely the same way so that the radioactive 


count can be taken as a measure of this mixture. 
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In this way the measurement of very small rates of diffusion can 
be made. 

This short account has not considered the permissible error limits 
of the experiment. Taking the square root of the count in the table 
gives an estimate of the order of fluctuation to be expected. Thus 
with the counts as we have indicated an overall accuracy of 10 
per cent is all that can be expected. 

Preparation of radioelements 

The great majority of radioelements in use today are made in a 
chain-reacting pile, or nuclear reactor. The reason for this is the fact 
that neutron reactions have high cross section and that large amounts 
of neutrons are available in a pile. The considerations in the manu- 
facture of radioelements are not really within the scope of this book 
as they present a problem related in detail to the working of the pile. 
The kind of factors to consider are, for example, the way in which the 
introduction of non-fissionable material affects the pile operation. 
Clearly, too much will stop the chain reaction from progressing. The 
form in which the substance is irradiated is important; it must not 
react with the container either before or after transmutation. It is 
also necessary to avoid excessively strong sources as they form a radi- 
ation hazard and cannot cheaply be sent by express. 

An excellent working system for pile irradiation and distribution 
has been set up by the Atomic Energy Commission in the United 
States, and a similar system operates at Harwell in England. A cata- 
logue of available isotopes can be had on request from the Atomic 
Energy Commission, Isotopes Division, at Oak Ridge, Tennessee. 

The kind of nuclear reaction used in the pile is important. The 
cheapest is the fission reaction itself. This is always happening, and 
the radioelement is thus a by-product of pile operation. This reaction 
is responsible for the formation of for example, and since iodine is 
fairly easily chemically separated it is readily available and cheap. 

Slow-neutron capture reactions are next in availability. Some of 
these have very large cross sections and yield large amounts of radio- 
isotope. The product is almost always the same as the element bom- 
barded which brings up a very important secondary point, that of 
specific activity. 

It is very inefficient to try to convert the whole of a target into a 
radioelement for very often the resulting activity is far too “hot 
to handle and also the number of inert atoms under bombardment 
gets less as time goes on. So if it is required to have a radioelement 
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which contains very little inert element, and this is very often essen- 
tial as too great a mass of an element may change the metabolism of 
a plant or animal, it is necessary to find some way around the limi- 
tation mentioned. One very good way is to use a reaction which 
starts from a difTercnt clement. For example, P^- can be made either 
from ordinary phospliorus, or from 8*"^“. The former yields a low 
specific activity. The latter, since phosphorus can readily be chemi- 
cally separated from sulphur, yields high specific activity. The reac- 
tion used is an {np) type, S^^(np)P'*-, and requires relatively fast neu- 
trons. Since pile neutrons are predominantly slow the reaction effi- 
ciency is less and P^“ of such high specific activity is more expensive. 
In some cases {n<x) reactions can be used, such as Ca'^'H^a) 

The neutron flux in a nuclear reactor runs around 10'® per square 
centimeter per second, which is the figure quoted for the small reactor 
at Harwell. This gives some idea of the possible rate of formation of 
a radioactive element. Taken in conjunction with neutron cross sec- 
tion figures a tolerable estimate of the yield can be made. 

A certain amount of cyclotron bombardment is still called for. 
Elements which are inatlc by decreasing the neutron content, which 
includes the large class of positron emitters, are made by cyclotron 
bombardment. Thus Na--, a 3-year half-life positron emitter, is best 
mafic by the Mg^^fdajNa-- reaction, using a cyclotron having high- 
energy deuterons. 


Cyclotron-profluced radioelements of tolerably high specific activity 
can be made. This is because the penetrating power of deuterons is 
not great and a target, say Y>q cm thick, is wholly adequate. A rather 
high activity can oiten be built up in such a target even though chem- 
ical separation is n(»t used. The highest specific activity still requires 
chemical separation. 


C yclotron bombardment involves a considerable cooling problem 
because the target is normally bombarded in a vacuum and the heat- 
ing is confined to a very small surface layer. ]\Iorcover if the target 
\olatilizcs at all it may ruin the cyclotron vacuum and also contami- 
nate the inside of the vacuum chamber. To overcome these difficul- 
ties the target is made thin and inclined to the beam so as to offer 
tlie maximum area for cooling. 

Detigning a target is a good exercise in physics. Where good con- 
duction is possible quite strange targets arc practicable. Thus metallic 
sodium can readily be bombarded if the backing metal is water cooled, 

wheioas sodium fluoride, which has a high melting point but conducts 
l^oorly, will melt and vaporize. 
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If the beam is brought out through a thin foil window, bombard- 
ment is of course much easier. Usually much beam is lost in tlie de- 
flection system, so large sources are more expensive to make in this 
way. A good-sized cyclotron costs SIO per hour to run, so sources are 
never really inexpensive. 

Generally speaking, any metal can be bombarded in a cyclotron. 
Iron phosphide can be used as a target for iron and phosphorus but 
is hard to get in solution. The right form can be dissolved in aqua 
regia and the chemical separation is straightforward. Other targets 
are specialized and need expert advice. 

A word about the bombardment of compounds is in order. It may 
seem that the bombardment of, say, tobacco mosaic virus by neu- 
trons might give viable and radioactive virus. Whether this is pos- 
sible with a low yield is of great interest, but it can be seen clearly 
why the yield will not be high. The capture of a neutron gives a 
nucleus about 8 Mev of excitation energy. Now even if the bombard- 
ing neutron is slow, this 8 JMev must be lost as gamma radiation be- 
fore the final radioactive nucleus is formed. The process of emission 
of the gamma ray causes the nucleus to recoil, and this energy of 
recoil amounts to about 100 electron volts. The energy binding two 
atoms in a molecule seldom exceeds 5 electron volts so that the process 
of recoil has much more energy than the chemical bond and the result 
is therefore a disruption of the molecule. The cliance of a return to 
the original configuration is rather low so that the result of such a 
bombardment is to create radioactivity but not the proper molecule. 

In some cases the yield of properly “tagged” molecules may be 
higher than expected; for example, radioactive cystine has been made 
in this way by bombarding cystine with slow neutrons. The explana- 
tion is probably that the 8 Mev of excitation energy can be lost as two 
or more gamma rays in cascade. For two equally energetic gamma 
rays there need be no nuclear recoil at all. Hence for strong chemical 
bonds and nuclei rich in energy levels there is a decided possibility of 
making radioactive elements by this means. 

It can be mentioned that the fact that the recoil dislodges the newly 
radioactive atom can be used to concentrate radioactive sources. The 
method, devised by Szilard and Chalmers, is to irradiate an organic 
compound, say ethyl bromide, and create considerable radioactive 
bromine which is freed from combination. Normally this would re- 
combine but by supplying an excess of free bromine the recombina- 
tion favors the inert substance and the radioactivity concentrates in 
the free bromine. The amount of free bromine added, though large 
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compared to the radioactive bromine, is still small compared to the 
bound bromine in the ethyl bromide. Tliis is why the method works. 
The Szilard-Chalmers process has lost much of its importance since 
extensive neutron irradiation is now easy. It i)layed an important 

part when the relatively small neutron flux from a cyclotron had to 
be used. 

The commonly used radioactive elements and their preparation 
are listed in Appendix 3. For details of the preparation of any source 
the reader is referred to original literature. 


Precautions in using radioactive substances 

The first and most vital precaution regarding radioactivity is to 

avoid getting any of it inside the body. . A microcurie of long-lived 

radioactivity inside is as dangerous as a curie outside if allowance is 

made for the fact that tiie curie outside is haiulled only for part of 

the time whereas radioactivity in the bones is at work day and night. 

Not all eleiTients are equally dangerous, and short half-lives are of 

course much safer. Nevertheless, it is well to treat radioactivity as 

a bacteriologist treats bacteria, to learn to keep ones fingers away 

fiom ones face, and to avoid smoking while manipulating radioactive 
materials. 

In the present state of tlie art it is not very informative to try to 
(|iiote tolerances for various radioclements in tlic body. By way of 
an example the figures computed by Morgan for !'“> and Ca^“' are 
given. For iodine which concentrates 20 per cent in the thyroid, 2 
microcuries will give an initial tolerance dose. '• For calcium which 
concentrates in the hones, a much more distributed locale, the same 
dose requires 190 mieroeuries. To produce an average tolerance in 
a year, however, 9G0 mieroeuries are needed for I'»' and only 400 for 
Ca'", the rca.son being the longer half-life of the caleium. 

It IS apparent that quite small amounts are adding significantly 
to the radiation hazard of the individual. 

The sceond precaution is to avoid external radiation of too great 
intensity for safety. This is discussed more fully in the next chapter, 
l>iit It can be pointed out that a millieurie of any source which emits 
yimma lays produces one-tenth tolerance radiation at 1 meter. This 

'ynv f An uncovered beta 

soorcer i" Therefore beta-ray 

must be'I'ut 1 " 'I'' bmgs for very short periods and 

from beta rn * ^ ’’npidly as possible. Burns on the hands 

m Ixta ia\s are all too easy to produce. 
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Actually the great majority of actual tracer manipulation is with 
sources of less than a hundredth of a millicurie. Not much danger is 
encountered from these, particularly if one follows the practice of 
leaving the counter or electroscope to record and going away while 
the actual count is being taken. 

The third precaution is to avoid spilling and contamination. A 
place must be made for old radioactivity, either a special sink for 
short half-lived material or a cavern for long half-lived waste ma- 
terial; and rigid discipline must be observed to see that all dead ex- 
periments are consigned to one of these places. Spilling always oc- 
curs, so provision, preferably in the form of disposable table tops of 
thick card or linoleum or thick paper, must be made for cleaning up 
after a spill. Any disposal unit for radioactive sources must be 
clearly marked. Rubber gloves must be worn for all manipulations, 
and it is wise to use a hood for every doubtful case where powders 

can be blown around. Hands must be thorouglily washed in the spe- 
cial sink. 

Contamination is not so much a health hazard as a laboratory nui- 
sance. Many experiments cannot be made at all with a high back- 
ground count. Therefore the existence of contamination should be in 
a class with the existence of dandelions in the lawn and treated with 
the same ceaseless vigilance. 

If sources which definitely present a radiation hazard are to be 
used, then the entire plan of procedure throughout the experiment 
must be thought through so that no operations are made on the spur 
of the moment. Usually the important considerations are storage 
and manipulation in the initial stages before the source has become 
dispersed in solution or through an experimental system. Storage in- 
volves the problem of shielding (which is easy to calculate) and the 
more difficult question of handling while taking the substance in and 
out of storage. Varying degrees of remote-control equipment are 
needed for this. To some degree existing chemical tongs and beaker- 
tongs designed for thermally hot objects are suitable for radioactively 
“hot” objects so that equipment to handle up to 50 millicuries for a 
few seconds can usually be bought and improvised easily. One or 
two lead shields an inch thick and several inches across can be used 
as a barrier to protect the hands and nearby body regions during such 
manipulation. Processes such as pipetting, mixing, and filtration each 
require remote operation if the sources are from 1 to 50 me, and exist- 
ing laboratory equipment usually can be adapted to this. 
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The important preraution is to use sonic monitoring equipment 
irJiich Is capable of detecting the radiation to clieek every operation 
which can conceivably be dangerous. Such equipment is described 
in tlie next chapter. 


Summary 


To summai ize this chapter: We have considered the types of nuclear 
radiation and the detection problems arising, pointing out that beta 
rays are abs<n‘bed by the rough rule t xd = 0ME,„ — 0.16, and giv- 
ing an account of the absorption of gamma radiation; we have also 
appraised counters and electrometers, indicating their strong and weak 
points. The problem of dealing with a mixture of decay periods {or 
absorption coefficients) has been considered and the method of pro- 
cedure outlined, after which the way in which a source grows under 
bombardment was explained and actual examples considered. A 
millicurie was defined as a source which decayed at the rate of 3.7 X 
10^ atoms ]ier second, and the methods of preparation of the more 
common radioelements were outlined. A short account of a possible 
tracer cxiieriment has been given with some brief advice on how to 
handle radioactive material both for health protection and for the 
I'eduetion of contamination. 


I lie chapter might, in mathematical language, be described as “nec- 
essary but not sufiicient.” Ihere has been a sense of completeness in 
the authors’ minds as the previous cha|)ters were written, but here 
that sense is lacking. It is certain that many new methods of con- 
centration will be developed, that many more radioactive elements will 
find application, and that better bombardment techniques will soon bo 
forthcoming. However, this book does not aim at being a complete 
leference source; it is intended to make available many known facts in 
nuclear physics to the people who are advancing the subject of applied 
nuclear physics, and to make others appreciate their work. This little 
postsciipt leads very nicely into the following chapter, whore we move 
light up to the frontier; and while we attempt to describe some of the 


experiences on that frontier we have some of the troubles of frontier 
days in tliat all the news of tliscovcry docs not get away from its 
locale fast enough and (he account we give of actual experiments will 
be lather like the tales tliat filtered back to the East from travelers in 

the cst a hundred years ago — interesting, but not a complete story. 
It should be read in that spirit. 
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8- Artificial Radioactivity in Practice 

A space whose every cubit 
Seems to cry out . . . 


1 lie study of the nucleus of the atom is one of the newest and most 
rapidly advancing in the whole subject of modem pliysics. Yet in 
writing thus fai- we have had a feeling of relative stability; a feeling 
that we have not omitted a great deal of the content that a reasonably 
satisfactory account of the nucleus should have. This feeling is 
totally lacking as we begin this chapter. Instead we have the feeling 
that we are here starting an account which cannt)t but be incomplete” 
that we arc putting a licading on a single chapter which requires sev- 
eral v()lumes to describe. This being so. we wish to make it clear 
that tins chapter is intended only as a collection of illustrative experi- 
ments which may make it easier for some specialist in a field of work 
to devise his own experiments and to add his quota to the volumes of 
important literature to be accumulated in the next decade. 

We can make a rough division of this chapter into tracer work and 
other, and begin by considering tlie problems involved in the former. 

Tracer experiments in general 

I here IS only one feature connnon to nil types of tracer experiments 
=“"1 Hint IS the ol.vious one of preparing the radioactive form of the 
'■ inicnt to be used. This is the problem that has to be solved by the 
nuclear physicist, and we can here suppose that it has been solved. 
I his means that either a container arrives from pile irradiation with 
the expected materiid, or a eyelotron-bonibarded target is made avail- 
.1 ) e. ic purity of both must be considered, more particularly of the 
latter because sources from cyclotrons are not usually made under 
■such controlled conditions as in a pile. 

Ills next iiroblem is to get the radioactive material in the right form 
foi mtio, hieing it into the system he wishes to study. This stage is 
one of the severest •■bottlei.eeks” in the progress of tracer experiments 
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and should be considered most seriously immediately after the idea of 
using radioactive materials has occurred to the experimenter. It may 
happen to be relatively easy; for example, if one wishes to use sodium 
or potassium in water solution, all one has to do is to assure oneself 
that the physicist in charge of the cyclotron has not included a large 
amount of copper along with the sodium, for example, and then dis- 
solve the sodium salt in water and go ahead. On the other hand the 
biochemist may have great curiosity about the way in which a hor- 
mone produces growth: where does the original carbon of the hormone 
go after the growth has progressed? The answer to this question 
could be obtained by using radioactive carbon, but it would mean the 

synthesis of an extremely complicated organic molecule from carbon 
dioxide. 

Rapid advance has already been made in the preparation of labeled 
compounds. A list of available organic compounds suitably labeled 
is issued by the Atomic Energy Commission and is steadily growing 
The cost of such materials is naturally high, but often unique and 
penetrating researches are made possible by their means. The list 
includes glycine, alanine, calcium glycolate, and railioactive algae. 

A method having been devised for introducing the radioactive ele- 
ment in the correct form into the experimental system, the next ques- 
tion that arises is, what is the dilution that will occur? Thus if a 
straightforward chemical extraction is to be carried out the amount of 
the original material in the final volume which is placed near the de- 
tection apparatus will generally be somewhere around a tenth of the 
original material, whereas if a cocktail of some radioactive material is 
given to a human being the amount detectable is likely to be in the 
proportion of the volume of the cocktail to that of the individual and 
that is of the order of 1 part in 10,000. These figures are intended’ only 
to illustrate; they emphatically do not give even a rough guide, for the 
amount of material at the end depends markedly on the chemical and 
Physiological behavior of the element under the conditions of working. 
Often the dilution factor can be determined only after trial and error 

clearly wise to start biological work with mice rather than 
cattle. The need of a large dilution factor should not discourage the 
attempting of an experiment. A very ordinary source gives lO® counts 
per minute, and it is not so difficult to determine 10 counts per minute 
with a Geiger counter, so that a dilution factor of 10« can be handled. 

1 h these preliminaries the actual experiment can be carried out 
and the events studied by counting the pulses from the tagged element, 
ny carefully chosen method of operation which takes account of the 
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decay of the source, the variation of sensitivity of detection, and the 
reduction of counts due to absorption should be satisfactory. It is 
wise to duplicate all the conditions in observing the radioactivity, so 
that counting at the start and at the end will make a true comparison. 
Thus, if work were being done with C'"*, great care would have to be 
taken to ensure that in each sample counted the same percentage of 
the beta rays, which are so easily absorbed, were being detected. It is 
an excellent idea to spend some little time carrying out trivial experi- 
ments, like simple dilution, to make sure that consistent numerical 
results are obtained with the equijnnent used for counting, before the 
actual experiment is made. On the surface, radioactivity offers speedy 
results — in fact, that is one of its main attractions; but. unless the ex- 
perimenter takes care to become familiar with the features of the new 
teclmi(|ue of observation, it has its pitfalls. 

We can mention here some of the experimental conditions to watch. 
First, the position of the test substance with respect to the detection 
instillment must be the same. Second, all samples must be prepared 
in the same way and must have the same thickness and material com- 
position. If this is not possible, careful calibration with known 
amounts of material must first be undertaken. The consistent opera- 
tion of the counter or clectroscoiie must be tested during the experi- 
ment from time to time with a standard radioactive substance such as 
uranium glass or a clock face. In this connection it must be remem- 
bered that no electroscope has a truly linear scale, and that a Geiger 
counter may not be consistent at high rates of counting, jiarticulaiiy 
just before the rate at which the mechanical counter "blocks off.” 
All these dillicultics can be overcome by sufficiently familiarizing one- 
self with the counting apparatus before use. 


ILLUSTRATIVE EXPERIMENTS 

Turnover studies 

One very important series of experiments concerns the rate of turn- 
over of various radioactive elements in living systems. This turnover 
has i)roved to be exceedingly rapid in many eases, even where the 
foi m in which the radioacti\’c substance is examined is relatively com- 
plicated. The mulerlying reason is that the i)rocess of life is one of 
continual change, ot build-up and consumption, and not in any part 
an incit piocoss biding its time. This very remarkable property of 
hie is shown with great clarity by radioactive experiments. For ex- 
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ample, Hevesy found that, four hours after a meal containing 
48 per cent of the recovered was in the bones, 25 per cent in the 

muscles, 2.4 per cent in the blood, and less than 0.1 per cent in the 
biain. The rapidity with which P^^ is found in the bones is striking. 
Of interest is the uptake of phosphorus from radioactive phosphate by 
bacteria. This is quite rapid with living bacteria, but dead bacteria 
were found by Goldwasser to take up very small amounts of P^-. The 



Fig. 1. Turnover curve for in chick embryo liver as measured by Shrigley. The 
dotted curve gives the amount of total phosphorus, which clearly behaves quite 
differently from the inorganic phosphate containing the The curve drawn 

through the P32 points is the curve y = so that the uptake coeffi- 

cient is 0.28 per day and the turnover coefficient is 0.56 per day, 

contrast between inert diffusion and living metabolism therefore in- 
volves a factor of fifty at the least. 

The normal process of turnover involves a curve as indicated in 
Fig. 1. The rising part of the curve corresponds to the formation of a 
precursor from which the substance investigated is formed. Thus in 
Fig. 1 the points on the curve represent the amount of P^^ in the liver 
of a chick embryo, the data being due to Shrigley. The precursor of 
phosphorus in the liver is presumably phosphate in the blood, and the 
rising part of the curve corresponds to the transfer of this phcsrihate 
to the liver by the blood and the conversion of phosphate, for example, 
to phospholipid by the liver. The falling part corresponds to the 
transfer of phosphorus out of the liver. Such curves can be analyzed 
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into two exponentials, with factors in the exponential terms which ex- 
press the two processes occurring. The relation which holds is 


y = 

y is the amount of radioactivity measured after time t. .4 is a con- 
stant determined l>y the size of the organ, countersensitivity, etc., and 
Ai and A^. are constants of metabolism. Ai is an uptake coefficient, 
I)rohabiy related to rate of blood flow; Al> is a turnover coefficient, re- 
lated to the rate of transfer (»f tlie radioactive element. 

The study of factors which alter tlie turnover figures is of great 
interest. Thus Stillman has shown that the adrenal gland has no 
effect on the formation of pliospholipid in the liver; on the other hand 

Perlman and Chaikoff present evidence that choline speeds up the 
process. 

Turnover studies of iodine in tlic thyroid are most illuminating. 
The concentration of radioactive iodine by this organ is indeed im- 
pressive. Hertz, Roberts, and Evans found that the thyroid concen- 
trates 80 times as mucli per gram as tlie remainder of the body tis- 
sues. The iodine ajipears initially as iodide, and the quantity Ai for 
iodide is very large. However, if the turnover of thyroxine is meas- 
ured Ai is found to be very much smaller, indicating that one or more 
precuisors liave to be formed before thyroxine is produced. The rapid 
uptake of iodine does not therefore mean that the physiological func- 
tion of iodine is rapidly fulfilled, nor is it a guarantee that it will be 

fulfilled at all unle.^s the process for the formation of thyroxine is 
functioning smoothly. 

An interesting, nearly closed, biological system is an incubating egg. 
Studies on pliosiiliorus turnover in eggs have been made by Shrigley, 
a sample result being shown in Fig. 1 whicli summarizes preliminaiw 
.dudies „n turnover in the liver. The radiophosphorus was injected as 
plmsphoric acid into the yolk, and studies of the distribution of total 
I>liosphorus and radioactive phosphorus were made at different stages 
nf incubation. It can be seen tliat the phosifliorie acid injected fol- 
lows a difierent pattern from the total phosphorus, and in particular 
nearly all this phosphorus lias been taken up bv the embryo a week 
helore the completion of incubation. 

Radioautographs 

A powertul method of studying the localization oi radioactive ma- 

*"Too’f employed by Lacassagne and Lattes 

is to give rather considerable doses of 
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radioactive elements and to cut sections of the organ or substance 
under investigation after a suitable time has elapsed. These are then 
placetl on x-ray film with a thin film of mica or aluminum between 
(this is not needed if the section is perfectly dry) and exposure al- 
lowed to take place. A detectable effect is jiroduced by 10*' fast elec- 
trons and good blackening by 10^. The new 
Eastman Kodak emulsions with sensitivity 
to single electrons may find application in 
this work; the tracks need microscopic ex- 
amination for their detection. 

On development, the localization of 
radioactivity can be seen. Examples of this 
rather striking technique are shown in 
Plates II, III, and IV. The method is lim- 
ited by the fact that beta rays are emitted 
in all directions and no feasibility of focus 
appears to exist except in one or two cases, 
because the beta-ray spectrum comprises 
many energies. Where a strong line due to 
internal conversion exists (as for iodine) 
there is a possibility that an enlarged image 
can be obtained. So far this has not been 
done. By using very thin emulsion rcason- 
ably good location of the radioactivity can 
be achieved. 

This method has produced some striking 
results. The concentration of radiostron- 
tium in developing bone (including bone 
tumors) has been shown by Pechar. The 
histology of the thyroid has been consider- 
ably advanced by Gorbman, using radio- 

autographs of iodine. Bowen has studied the barium cycle in hornets 
by this method. It can be applied with great success to locate the 
various components in paper chromatography. 

Diffusion and exchange studies 

A very straightforward application of radioactivity is in diffusion 
studies. Somewhat similar experimental work can be done on ex- 
change processes, which are indeed rather like diffusion. 

Gaseous diffusion involves a rather complicated theory. This theory 
IS much simpler when the diffusing gas molecule is the same as the 



Pl.\te II. Radioautograph, 
taken by Dr. J. G. Ham- 
ilton, of the distribution 
of radiophosphorus in the 
leaves of the tomato plant. 
The accumulation of phos- 
phorus is shown by the 
light areas. 
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<zas tlirougli which it diffu^^cs. Until the advent of radioactivity or of 
the detection of isotopes by the mass spectrograph, no method was 
known to test this theory. Using these technicpies several tests have 
been made, for example, tiie ol)servation of the diffusion of into 
argon l)y Hutchinson. The results are interesting in that the diffu- 
sion constant at a variety of teni{)eraturcs was measured and evidence 
regarding tlie force between two argon atoms obtained. 

\\ iiether diffusion occurs at all from the lungs to the blood has been 
tested by using radioactive krypton and argon. In spite of higli con- 
centrations of these gases in the lungs no radioactivity was observed 
in the blood by Jones and a group of workers who were studying the 
process of gas bubble formation in tlie blood. Tlie uptake of oxygen 
and nitrogen by tlie blood is tlicrefore chemical and not physical. 

“Dillusion" into red blood cells has been investigated by Smith, 
^^'inkler, Eisenman, and Ott. who tested the amount of radioactivity 
held by erythrocytes after exposure to radioactive sodium, chlorine, 
phosjihorus, and jiotassium. The ujitakc of phospliorus was clearly 
not a diflusion process since at low temperatures the “diffusion" jirac- 
tically ceased. Fliis could not be saiil so definitely for the other three 
elements. Brooks ha.s made further studies on this. 

Exchange is a problem of central importance in radioactive tracer 
woik. It can be seen most clearly where ionization takes place, for 
example, for ISaCI. For this particular compound, which is formed 
because of the attraction between Na+ and Cl“, the action of the 
high dielectric constant of water is to cause separation of the two ions, 
which are then free and stable because of the grouping of polar mole- 
cules ol water around them. Such ions are individuals and free to 
wander and to rea.<sociate anywhere tliey please. Clearly there can 
be no permaiK'iice whatever about any molecule of NaCl once it is 
in solution. This extreme case of exchange has a counterpart in other 
molecules, even though the process of ionization does not take place. 
A momcait’s thought will show that the bombardment of a molecule 
i)y oiK' ot its constituents is rather difTerent in character from a bom- 
bardiiK-nt by. say. water, or by some comiiletely different element. 
Ihus. lonsider (TL.I. which has been studied by McKay. If the 
methyl iodide is bomb;irde<l by iodine molecules there will be a dis- 
nijition of the molecule at tlie time of the collision, and this will be 
lollowed by a return to the stable configuration of CHJ. However, 
the whole requirement is satisfied by the formation of CHJ. and it 
makes no dillerence whether the original iodine atom returns or a dif- 
lerent atom. Chemically there is no way to tell that any change has 
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Normal thyroid tis- 
sue. Photorjurroj^ruph 
on left, radioauto- 
irraph on riudit. 'I'lie 
darkened areas In ttie 
radioiuitoiira|)h rep- 
resent the regions of 
greatest nrciirnulatiun 
of radi<iiodine. 



Hyperplastic tfiy- 
roid. I'he section on 
the left shows laree 
irrayish areas uliioh 
contain roUf>id, uliile 
the renniiniim acini 
are devoid of colloid. 
Tlie rudioauto^raph 
indicates that most 
of the accumulated 
iodine was stored in 
the colloid. 



Non-toxic ffoiter. 
Photoniicrotrraph on 
left, radioaiitosrapii 
on richt. The acini 
are enlurtfcd and dis- 
tendeil with colloid 
which has accumu- 
lated very littleiodine. 
'I'he cells and .small 
acini surroundirm the 
colloid deposits stored 
much more iodine. 




Cancer of the thy- 
roid. Tfiore arc three 
small islands of un« 
invaded thyroid tissue 
which can be seen 
from the radioauto- 
grapli to have accu- 
mulated most of the 
rndioiodine. 


Plate III These photographs were made by Dr. J. G. Hamilton, and the legen 
are virtually those given by him in his artivie in the Journnl of Applied Phy,U 
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occurred. However, if the hoinbardincnt is by means of radioactive 
iodine, the radioactivity in tiie free iodine diminishes and that in the 
methyl iodide increases, owing to the excliange ju-ocess. 

Tlic reader can see tlie two major factors which determine whether 
exchange will take place. The more strongly bound an atom is to its 
molecule, the less will it exchange. The greatei- the energy of molecu- 
lar bombai-dment. the more the exchange. Tliis last is determined by 
temperature, and accordingly faster exchange will be expected at 
higher temperatures. Tliis is found to be the case. 

In many tracer problems it is essential tliat exchange be impossible, 
or nearly so. Ibis leads to the need for i>reliminary research as to 
whether exchange can take i)lace. Such experiments are direct and 
almost physical in character in that all that is required is the test 
of whether molecular bombardment alTects exchange. Thus, if a 
I>hospholipid is shaken with a radioactive i)hosphate there is found 
to be no excliange of tlie phosphorus, so that tlie simple bombardment 
process we have described does not take place. The location of a 
radioactive atom in a molecule is of great importance. Thus, in thy- 
lo.xinc, I a(lioacti\’e iodine attached as at A will not exchange, whereas 
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CIICOOH 
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NH2[ + III] 
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attached at H as the hydrogen iodide it <loes excliange. 

One can say roughly that for hydrogen, carbon, nitrogen, phos- 
phorus, and sulphur excliange is no great lU'oblem, whereas for the 
halogens and alkali metals it is serious. 

Dilution studies 

A by no means trivial technique involving radioactive tracei*s is the 
measurement of total volumes or total quantities liy dilution measure- 
ments. ihus, if, say. U)'= counts per minute of radiosodium are in- 
jected into the blood stream of an animal and a few minutes later a 
known \olume r ol blooil is removetl and found to give .r counts per 

minute, it is possible to determine the volume of blood in the animal. 
Let this be L; then 





which determines V. 
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Such simple measurements can be extended to the measurement of 
the total amount of a specific compound in the blood. Here one in- 
jects a known amount of the compound carrying some radioactive 
tracer element and recovers a known amount of the compound after 
mixing has taken place. The same equation now holds for this spe- 
cific compound. It is not confined to biology, of course, but can be 
applied to any large and unmanageable mixture provided it is pos- 
sible to secure complete mixing and to separate a known amount of 
the compound of interest. 

Special problems 

By way of illustration we can consider the application of tracer 
technique to one or two detailed problems. As a first e.xample we can 
consider the problem of vitamins in nutrition. An important constitu- 
ent of corn IS phytic acid which is a hexahydroxycyclohexane in com- 
bination with phosphoric acid. Phytic acid is an important source of 
phosphorus for poultry, but the bird does not make use of the avail- 
able phosphorus unless at the same time it has one of the antirachitic 
vitamins, the vitamin D's, in its diet. Several such vitamins are 
knOT n, notably those derived from ergosterol and cholesterol. 

xperiments by Singsen and Matterson showed that for young tur- 
keys the cholesterol-derived vitamin D is more effective in promoting 
uptake of phosphorus from phytic acid than the ergosterol variety. 

test of this can be made with radioactive phytic acid, the experi- 
ment being to feed turkey poults radioactive phytic acid and various 
vitamins then to take samples of blood after various intervals and 
look for the amount of radioactive phosphoras in each. An increase 

after feeding a particular vitamin is evidence that such a vitamin is 
more effective. 

The experiment thus has two parts. The first is the production of 
radioactive phytic acid ; the second, the assay of the radioactivity in 
the turkey poults. The radioactive phytic acid was produced by bio- 
synthesis; that IS to say the metabolism of a plant was relied on to 
put radioactive phosphorus into the form of phytic acid. To do this 
twelve corn plants were cultivated at the Connecticut Agriculture 
Experiment Station by Dr. Jacobsen until the stage of ear formation 
was beginning. The corn plants were grown in water and the diet 
was made deficient in phosphorus for a while; then 200 millicuries of 
potassium hydrogen phosphate were added to the water. The result 
was indeed sensational, for in a day or two this activity was spread 
»11 over the plants (a feature which should be remembered in taking 
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-atVty t)i(Taii(i()ii>, tor the i)l:in( ofTcrs little al)>(>ri>tic)n for the beta 
lays, while tin* wat<‘r from whieli tlu'V are ^rowing completely stdps 
the rafliatiniii. A ica^fniable aitioimt went into the ears and snfhcient 
phytic acid could 1 m‘ extracted I'mm tiiem to continue with tiie second 
p:‘t' '■! th(‘ ( xpcnment It i< likely that an increa<e.I yi(‘hl windd have 
been obtained it the piant> had not been >tar\-ed of pho>i»hoius be- 



I IMI I\ ncnir l.v I )i 1 , v Stout of t!„ n. p:ntuunl of Pl;.nt 

f of ('MuoniiM dunvut- tl.r -hsMihution of la.luru-tivc 

'^hi.h h:.,l I.r.n f,.| ,,ni,o:ul,vo zinc rhlori.ic 
"H- >lac> el il.o lout woo j.hoo.I on a ,.|.otoo,a|.lnc plaio. an-l the beta ravs 
lio'M '>"■ /me .auod :mI,o,i in n-iou- when- /me was ronomliated. It can he 

' n that die /me <-oneont i a I etl in tlie seials 

b-re, because the normal metabolic process is at its maximum in the 

ear and thi- uotdd havt' taken nu'st of the new phospluuus. However, 
thi' is not (aatain. 

llie Mcotn! phase was carrie.l out by seitarnting the available idiy- 
'■'*e into etpial tractions and fee.line; it to selected poidts with kimwn 
vitamin hiMone^ and with eoiitrollcd amounts ot vitamin in tlie diet. 
'I'hc result obtaimal i^ tvpieal of tracer work. 'I'he first day’s obser- 

'‘l";'he ..I pbospborus tollowed the expected pattern, 
""ieed the ehoh M erol -den ved vitamin pro.lueed inereased radio- 
aetiviiv m the blooil sample^ taken. However, it beeaiue clear as time 
\\»nt on that tin int ei eha ne,e o| pbospliorus l)etween inert phospbonis 
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in the bird and the radioactive phosphorus became the predominant 
factor so that studies of blood activity were no longer indicative of 
the uptake of radioactive phosphorus but rather of the process by 
which the whole function of phosphorus in the turkey is discharged. 
The radioactive measurements thus held the possibility of a much 

more thorough study of phosphorus metabolism, only part of which is 
concerned with vitamin D. 

This experiment leads to the discussion of an important point which 
has been revealed by tracer work and which is, perhaps, the most 
significant single result it has produced. Its discovery was actually 
made by Schoenheimer by means of stable isotopes, and it is more 
fully described in the next chapter. Schoenheimer showed that, al- 
though the proportion of various amino acids in a metabolizing sys- 
tem may remain sensibly constant, the actual amino acids are continu- 
ally breaking down and reforming. This lability, in which the atoms 
concerned with a living system are continually changing while the 
system itself retains the same nature, is apparently a fundamental 
property of life. It is evident that the stable part of living materials 
is not unchanging chemical compounds, but rather some overriding 
process which requires that, in spite of the ability of amino acids to 
break down and reform, the proportions remain the same. An anal- 
ogy is the Congress of the United States, which has the same form 
and make-up but definitely not the same individuals all the time. 

The overriding process is the Constitution and the people who wish 
to live by it. 

The same kind of lability seems to hold for many elements, includ- 
mg phosphorus. Therefore in the nutrition experiment just described 
It IS not possible to say that fed in the form of phytic acid one 
day IS behaving like the direct products of phytic acid several days 
later. From the point of view of the nutrition experiment the initial 
process is of major interest, and the experiment should be designed to 
study events as close as possible to the original meal of phytic acid. 

Experiments such as this with phosphorus are relatively difficult 
because of the widespread use of phosphorus by the organism. An ele- 
ment such as iron is easier to study since its primary locale is in the 
hemoglobin and it can be used to give valuable information as to the 
way in which iron is assimilated in various kinds of diet. Very valu- 
able studies of this kind have been made by Hahn, Bale, Whipple 
and others at the University of Rochester. One simple result seems 
o be ^hat the uptake of iron is a competitive matter so that iron 
should be fed to an individual when the stomach is empty. 
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A second illustration of an attack on a definite problem is the ap- 
plication of tracer inetliods to tlie problem of photosynthesis. All that 
can be said definitely about photosynthesis apart from recent work is 
that a plant or allied organism, notably green algae, can take CO 2 
and water, plus radiant energy, and convert them into complicated 
carl)ohydrates and oxygen. The overall achievement is so sensational 
and has so little to characterize it that it is not surprising that it has 
jiroved to be a baffling jiroblem. The most persistent mechanism 
postulated was that of ^\ illstatter, who proposed that the process 
proceeds via formaldehyde, which then polymerizes in smne manner. 

I his process served in the absence of a better for some years, even 
though formaldehyde is toxic and had never been detected in sufficient 
amounts. A striking advance in understanding this process came 
when Ruben and Kamen used C" to study the fate of radioactive 
C'Oj exposed to algae in the presence of light and dark. They were 
able to show clearly what had been already suspected, that a re- 
versible dark reaction takes place in addition to processes involving 
light and also that the ability to cause photosynthesis is stored and 
can take place alter light is removed. Aloreover. the oxygen formed 
in the pioccss was shown by the use of O** and a mass s])ectrograph 
to be derived from water and not in any part from CO^. This elim- 
inates the simple lormahlehydc suggestion. 

1 he present situation regarding photosynthesis is far from one of 
complete understanding, but a great deal of the mvsterv has been re- 
mo\ed by tracer work. It is evident that the jiroccss is stepwise, 
\\ith only part involving light directly. One of the intermediate prod- 
ucts seems to be succinic acid. It is also likely that there is no one 
single pi‘oee.'<s ol photosynthesis, but rather varying methods adapted 
to the i)artieular organism. 

One \('rv valuable use ol tracer teehnifpies is in stiulying the so- 
called tiace eh'ments. Almost any metal is valuable in some way 
in the li\ ing organism. I sually it is needed in minute amounts only, 
and tli(‘>e are in all bkt’lihood not distributed widely but confined to 
one paiticular compound, riieretorc rapid progress can be made with 
the biochemistry ol such a compound. A very beautiful illustration 
of this is the work of Abelson with vitamin Wy,. This remarkable 
substance is the active principle of liver in the cure of pernicious 
anemia, and it has the most astonishing eliects on the ability of a 
chick to use its tood elliciently, so much so that tlic future cost of. 
chicken meat should be halved 
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This vitamin contains cobalt. By using radioactive cobalt of high 
specific activity Abelson was able to show that colon bacteria would 
take up 75 per cent of the radioactive cobalt and form vitamin Bi. 
containing radioactive cobalt. By means of this the necessary proc- 
esses for separation of the vitamin were completed very much faster 
than would normally be possible, so that in a few weeks adequate 
methods of biosjmthesis and chemical separation were worked out. 
For instance it was shown that E. coli will not synthesize vitamin 
Bi 2 unless there are traces of iron or calcium in their diet. Very ex- 
citing work lies ahead with this radioactive vitamin. 

An interesting application of artificial radioactivity to historical 
time measurement has been made by Libby. It is likely that is 
formed from in the atmosphere by neutrons generated in cosmic 

rays. The reaction is This C^Mvill become incorpo- 

rated by living systems to an equilibrium amount, but on cessation of 
metabolism it will diminish in activity on account of decay. A 
mummy that is 3000 years old will thus have less than normal 

activity. This can be measured. The method has considerable 
promise in archaeological research. 


BIOLOGICAL EFFECTS OF NUCLEAR RADIATIONS 

AND NEUTRONS 

Me can now pass on to the rather different subject of the biologi- 
cal effects of nuclear radiations and some of the possible applications 
of these effects. It is well, at first, to consider what the biologist 
has deduced about the fundamental nature of living processes and 
then see what the physicist has to say about the action of radiation 
on living systems. The unit of living material is the cell This is 
complicated but exhibits two striking features which are related In 
the cell quite amazing processes take place which are made possible 
by enzymes or by growth factors such as vitamins. It appears likely 
that both these are in turn regulated by remarkable entities, called 
genes, which unquestionably control the ability of the cell to produce 
the necessary enzymes or growth factors. In each cell there are 

of Us bf f ‘hat for a large part 

s life the cell has only one effective gene of each kind. A gene 

IS the size of a very large molecule and has an effective diameter of 

perhaps 200 Angstrom units, this being a very broad statement. A 

gene is very stable, at least in its proper environment, and its half- 

hfe can be estimated at a million years. Prior to the process of cell 
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division the gene produces an exactly similar entity by a most in- 
triguing and as yet mysterious process, and after division the func- 
tion of the gene is continued in both cells. Cells divide at widely 
different rates, ranging from practically not at all in the crystalline ' 
lens of the eye, to every twenty minutes for bacteria. 

The reader ean at once sec how radiation will affect the cell in a 
general way. Radiation is penetrating so that it has access to the 
whole body of the cell, something which is not true of chemical agents. 
Therefore it can affect everything the cell docs. However, if it af- 
fects the nature of a gene then the whole subsequent behavior of the 
cell is cliangcd because the enzyme or growth factor content of the 
cell is altered and therefore the whole delicate balance of mutual com- 
petition !)etwccn different jirocesses is upset. It is not unexpected 
therefore that the most dramatic effects of radiation are genetic. It 
is also true that these arc not the only effects. 

W'e can now consider what hapjicns to a large molecule (which as 
physicists we find ourselves using to represent a gene) when nuclear 
radiations arc in its vicinity. In the first place we need to know 
something about the binding between dilTerent parts of the molecular 
structure of a gene. Evidence for this can be obtained from the action 
of heat on genes. As the temperature increases, the rate of mutation 
increases, and the manner of increase fits in with a binding in one 
place of about 3 electron volts or 69 calories per mole. Now almost 
anything that radiation is able to do involves a local release of energy 
well in excess of this. Thus a fast electron, which is to be thought of 
as a moving intense electric field, can cause local releases of energy 
of the order of 100 electron volts and certainly is readily capable of 


Iiroducing excitations of one-tenth this size even if it does not produce 
ionization. A fast neutron can produce a recoil atom in a neighbor- 
ing molecule, in which case a tremendous swath of ionization which is 
capable of releasing two or three hundred electron volts inside the 
gene is let loose. Or the neutron, if slow, can gently attach itself to a 
nucleus and transmute it to a new nucleus which then reverts to the 
ground state with the emission of one or more gamma rays totaling 
8 Mev in energy. The recoil of these good-sized photons sends the 
new nucleus reeling backwards with about 50 electron volts of energy, 
and this is actually the most gentle treatment the gene can ever ex- 
pect if it suHers a direct encounter. 

The apparently unescapahle conclusion is therefore that if some 
diiect eflect of radiation takes place inside a gene tlie gene ceases to 
behave as it used to do. This is tlie basis of the so-called “tarcet” 
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theory of the action of radiation. One or two points need to be made 
about this. The first is that a molecule with a molecular weight of 
a million is quite an empire in itself and for that reason may prefer 
to revert to its rightful configuration even though an explosion has 
taken place in its midst. Put differently, the fields of force binding 
the molecule are extensive and, if an atom or two are dislodged, they 
may well be able to lose their excess energy received as a result of 
the radiation and then return to their original locations. This process 
is called the “cage effect.” Another point is that not all the molecule 
may be equally important, so that even though damage is incurred 
in one locale it may not destroy the power of the gene to perform its 
function and also to recover its proper shape. This is illustrated by 
the fact that bacterial viruses are vulnerable to effects from deuteron 
bombardment only in about 40 per cent of their actual volume. A 
virus has many features in common with a gene, and it is an attractive 
hypothesis to suppose that viruses are freely existing genes, not at- 
tached to any cell. 

In default of a complete understanding of the action of radiation 
the authors are attracted to the target theory. There is one very im- 
portant additional method of getting at the target, and this is by 
means of active centers produced by the radiation which are able to 
move around inside the cell until they encounter the gene and there 
produce a change. A moment’s thought shows that this is not only 
possible but extremely likely. The energy that radiation could give 
to some active molecule, like hydrogen peroxide or a free H or OH 
radical, is in the order of 5 electron volts. The energy necessary to 
change a gene we have seen to be 3 electron volts. Therefore the 
collision of such a molecule with a gene will cause a change, and 
the chance of such a process is quite good compared with that of pro- 
ducing an ionizing event inside a target with a diameter 200 Angstrom 
units. 

What therefore occurs seems to be this. Radiation in some way 
produces either ionizing particles {electrons for x-rays or gamma rays; 
protons or recoil nuclei for neutrons), or else a recoil event as de- 
scribed above for the neutron capture process. The fact that neu- 
trons or gamma rays are not readily absorbable means that they them- 
selves produce no effect until they produce secondary action deep in- 
side the material and hence the effects of such radiation are trans- 
mitted through the whole volume. These secondary particles then 
produce either direct effects in the genes themselves, or else produce a 
high concentration of freely moving energetic centers (such as H or 
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OH radicals) which collide with large molecules and therefore occa- 
sionally with the genes. Either of these events then produces a last- 
ing effect on the cell which may manifest itself in various ways, the 
most likely being a reduced ability to divide. An attractive theory 
for cancer is to suppose that such a process has taken place in a so- 
matic cell (i.e.. one which is not concerned with the reproductive 
process) and that by bad luck the alteration of -the gene has been such 
as to produce a cell which is lacking in the factors which stop growth 
at the time when the whole organism calls for it. The growth is there- 
fore wild and unchecked, though not in itself toxic, until by sheer size 
it encroaches on some bodily function. 

To nt in with this theory of the action of radiation there has re- 
cently been discovered a series of chemical agents which are capable 
of pro<lucing gene changes or imitations. These arc to be likened to 

the indirect metlutd of access to the gene. 

The reader may by now be impatient at tlie preoccupation with the 
genes and wonder what happens to tlie rest of the coll which is so much 
more extensive. The answer is that non-genetic effect does indeed 
take place, and in a large organism like man, where the structure of 
cells is all settled and a few cells tlcstroyed by genetic action can be 
dispensed with without harm, tlie elTect of radiation on cellular ma- 
terial can be most serious. \\'hat occurs then is a species of poisoning 
of an internal character, due to the release inside the cell of break- 
down prtKlucts which arc not necessary to the living inocess. In addi- 
tion there may be a starvation due to the destruction of enzymes. 
'Phis is a very bniad description of radiation sickness, but it shows 
that there is ho])e for alleviation of a sulTerer, jiarticularly if some 
critical jioison is counteracted enough to enable the individual to sur- 
vive and exercise his adaptive powers. Some progress along these lines 
has been reported. 

Returning to the target theory for a moment, it is worth mentioning 
that by applying essentially the reasoning of p. 106 it has proved pos- 
sil)lc to estimate the cross section of various targets. This has espe- 
cially been exploited by Lea. The method used relics on the ability 
of self-duplicating organisms to make sufficient of their like to show 
their presence. T'luis c(»lonies of bacteria can be grown from a single 
bacterium, and the number of colonies developing is a measure of 
the bacteria originally jiresent. By irradiating the bacteria and de- 
termining the number which survive, the size of the target which has 
to be hit can be detirmined. The measurements so far are not ex- 

tremelv accurate because allowance for indirect effects has to be made 
« 
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very carefully. Nevertheless the figures are yielding very intei'esting 
information on the physical size of self-duplicating entities. 

The controlled use of radiation for biological effect is in its infancy. 
The reason is that up to the present the majority of the work has been 
done with the most readily available radiation — x-rays — and these 
exert a high-energy, non-selective effect. The remarkable fact that 
tumor tissue is more susceptible to radiation than normal tissue has 
been used with remarkable results, and it can be claimed that apart 
from surgery this is the only method of cancer cure. Nevertheless, 
consider the possibilities ahead if slow neutrons are used for irradia- 
tion. These are of themselves no more likely to produce damage than 
hydrogen or helium molecules because they have no more than thermal 
energy. On the other hand the nuclear absorption of these is to some 
extent controllable by making use of nuclear resonances and by picking 
on a particular element for selective action. A start on this was made 
by Kruger. He irradiated tumor tissue in boric acid solution with slow 
neutrons, hoping that the energy released by the slow neutron reaction 
with boron (which releases an alpha particle and a lithium nucleus) 
would give a preferential action on the tumor. Some success was had. 
At that time the only source of slow neutrons was from a cyclotron, 
and the presence of fast neutrons was unavoidable. The thermal 
column of a pile is far more suitable. AVe predict very important re- 
sults from the combination of slow neutron bombardments with bio- 
chemistry and biology. 

Dosage measurements for radiation 

Dosage measurements of radiation are difficult and unpleasant and 
will get increasingly more so. The reason is the wide variety in the 
action of radiation, both on account of the nature of the radiation itself 
and of the material on which it acts. Radiation measurement there- 
fore resembles somewhat a subject like economics, in which one can 
watch the stock market, or the business index, or the number of busi- 
ness failures, each of which tell some of the story of the economic 
situation, yet not all of it. 

Present-day dosage measurement centers around a radiological unit, 
the roentgen. The roentgen is a total dose, not time dependent, and 
it is measured by ionization under circumstances where the radiation 
is fully in equilibrium as regards the production of ionization. When 
this condition obtains, 1 roentgen is that amount of radiation which 
will produce one electrostatic unit of charge as ions in 1 cc of air at 0° C 
and 760-mm pressure. A\ hen this is properly reduced to energy figures 
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1 roentgen is 83.8 ergs released as ionization per gram of air. To 
inea.^^ure this, thinihlc ionizati«)n meters iiavc been devised in which 
the material of the thimble is such that equilibrium between primary 
action and secondary ionization is practically the same as in a large 
volume of air. Since such meters are convenient, roentgens are com- 
monly quoted. Such measurements should always be accompanied by 
an account of how they arc made. 

Since roentgens arc measured by definition in air an extension of the 
definition to the effect in tissue has been proposed. A roentgen-equiva- 
lent-phusical, or rep, is defined as radiation producing 83.8 ergs per 
gram of tissue. Actually this is a new method of measurement, for 
Spiers has shown that the number of ergs per roentgen per gram of 
tissue varies over wide values ranging from 42 for fat to SSO for bone 
for soft x-ravs. 


For neutrons a similar measurement, again based on the convenience 
of the thimble ionization chamber, can be made. One n is the number 
of neutrons which will produce the same action on a Victorecn thimble 
chaml)er as 1 roentgen of gamma radiation. In terms of grams of tis- 
sue this is 190 ergs. 

Continuing further with indices of radiation there is the need for an 
index of biological action. This is a wide-open subject, depending 
acutely on the metliod of measurement. The roentgens needed to 
pnuhice the same elTect as standard gamma radiation are sometimes 
called the roentgen-e(iuivalent-man (rcm). Thus in terms of the 
production of cataract in the eye lens a proposed figure for neutrons is 
equals 1 rem. 


Relative biological effectiveness of neutrons and x-rays 

The subject of indices for biological action brings up the very im- 
portant subject of the relative effect of neutrons and x- or gamma 
radiation. Several methods of estimation have boon tried. One is the 
tiire.shold dose to prodiice “sunburn” or erythema. One thousand 
roentgens will produce this, whereas the same reaction is produced by 
200/j ol neutrons. On the otlier hand, genetic effects arc more readily 
]U()duced by neutrons and a factor closer to 10 than the 5 given above 
is indicated. The latest (and incomplete) information concerns lens 
cataract for which the ratio appears to be about 20. Neutrons must 
therelore be treated seriously and low tolerance figures adopted. 

Protection of workers in radiation laboratories 

I ho general interest in the protection of workers in the field of 
nuclear physics trom the radiations which they are liable to absorb is 
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great enough to warrant a short discussion of the matter here. Before 
treating the more subtle influences of neutrons and gamma radiation, 
for example, a word on electrical shock is not amiss. Even though it 
may be boasted that an installation for nuclear research has no exposed 
high voltage, it is well to remember that the nuclear physicist lias a 
rather specialized idea of the meaning of “high” voltage and is prone 
to discount voltages of the order of a thousand or two. The ordinary 
Geiger counter, working at about 800 volts, packs considerable “wal- 
lop” and should be understood by all who are using it. Such matters 
as the accelerating voltage on the filament emission of a cyclotron are 
often forgotten by the physicist who put in the installation, and yet 
they may be capable of great, if not final, damage. The fatalities 
among workers with high-voltage equipment are not many, but they 
are not zero, and death due to relatively low voltage has occurred. 
This point about the relative importance of the accident hazard has 
been well brought out in a paper by Aebersold on the subject of pro- 
tection for cyclotron workers, and we wish to add our weight to his 
remarks. 

The effect of radiations is rather more sinister and for that reason 
is discussed mucli more than straight accidents. The horrible suffering 
of early workers with x-rays, who unthinkingly took large doses in 
quite trivial ways— for example, in showing the “shadow” of the bones 
of their hand at a demonstration— has made the pioneers in work with 
neutrons rather more careful, and there is no real reason to repeat 
any such “martyrdom to science.” It is accepted among radiologists 
that the maximum safe dose in a normal week’s work is roentgen. 
The safe dose for neutrons on the same basis is %ora. The authors 
take the attitude that these figures represent the safe dose for an indi- 
vidual who does not fear any genetic changes which may be caused by 
radiation. 

Accepting the two “tolerances” given, it is necessary to consider the 
way in which precautions should be taken. Consider x-rays first. 
Very roughly, we may say that %o roentgen will require 10® quanta to 
pass a square centimeter of surface. If this number is all that is given 
by the machine at a given distance in the proper time then it is safe 
without any protection. If this is not the case, then it is necessary to 
interpose some kind of absorber which will reduce the number to the 
safe figure. This is quite easy for soft x-rays produced by electrons 
of energy less than 10,000 volts but is a much harder matter for the 
x-rays now being used in many hospitals where the energy of the 
bombarding electrons is a million electron volts or more. To reduce 
the primary intensity of such x-rays by a factor of a hundred would 
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require about 3 inches of lead, which means a very expensive protecting 
wall. It is cheaper to inter)X)se a foot or more of concrete between the 
target in the x-ray machine and the operator. We do not intend to 
discuss the details of safety precautions for x-ray workers, as they are 
best studied in the publications of the National Bureau of Standards. 

Radiation protection in general is now a subject of wide interest. 
The first thing to say is that any kind of radiation protection must be 
checked l)y measurement. For this purpose radiation survey meters 
have been devised and arc available on the market. Our own pro- 
cedure is to use a Lauritsen electroscope which has a thin aluminum 
ionization chamber. Measurements of the ionization are taken with 
the chamber l)are, and with a silver cylinder slipped over the chamber 
and surrounded by paraffin. An increase in the latter case is due to 
radioactivitv induced in the silver bv slow neutrons. From these 
measureme nts some idea of the actual radiation hazard can be inferred 
and also the proportion of the radiation which is due to neutrons. The 
electroscope can be calibrated in terms of gamma radiation by means 
of a source of Co*’" which produces 1.3 milliroentgens hr. at a meter 
distance jicr millicurie. 

Shielding for gamma radiation can be calculated by using the ab- 
sorjition coefheients given in Appendix 5. First there has to be an 
estimate of the primary radiation. This must be done in terms of 
exjx'cted performance before any new machine is turned on. and the 
shielding prescribed for the purpose installed before the machine is 
operated, ^\’e stress this because 90 per cent of the danger to person- 
lu l occurs when the machine is turned on. and the number of radiation- 
(U’oducing machines being used in the world today is in the hundreds, 
if not thousands. I'lach one is a potential source of physical handicap 
tor th<‘ o(H'rator who is installing the machine. The shielding should 
then he t('sted as the radiatiim is turned on and added to if necessary 
before final opi'ratiiui is jH'rmitted. 

Shiehling tor neutrons is not so easy to calculate because it depends 
markedly on the proportion of fast neutrons, and lunv fast they arc. 
N(miI rolls are absorbed by nucleons, that is by the neutrons and pro- 
ton< in nuclei. Kverything else being equal, it pays to spread these 
niieh'ons out as much as possible so that the lighter the element used 
for absmjition the lewei' nuclei arc needed to absorb neutrons. Un- 
lortunately everything else is not equal, for the cross section of differ- 
ent nuchi for neutrons varies considerably. 'Phere is also an energ>’ 
dependence (tl cross s(‘(-{i(iii If uses for computation the value of 
th(‘ niich'ar cross section as determined from the nuclear radius then 
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the tliickness of concrete to reduce the neutron intensity by a factor of 
10 is roughly 10 inches. Concrete is a reasonable material for shield- 
ing, and a thickness based on this figure will not be very far wrong, 

particularly if distance is also interposed between the neutron source 
and the operators. 

Usually the problem of lateral shielding is not so serious because 
concrete walls are no great problem. However, shielding must also be 
applied above and below. Shielding below is also no problem because 
not many accelerators are light in weight and there are not often per- 
sonnel below such a machine. For shielding above the thickness of 
shield can be reduced by using alternate layers of iron and paraffin 
or concrete. The iron has a relatively high cross section for inelastic 
scattering of neutrons so that the energy of the neutrons is rapidly re- 
duced and they become more readily absorbed in the paraffin. Such 
absorption is actually only a matter of exchange because the act of 
absorption of a neutron also produces a gamma ray, unless the ab- 
sorption is in boron or lithium where particles are given off and no 

ladiation results. Except that it is expensive, borax is a useful com- 
ponent of a shield. 

All radiation is scattered much more than seems likely at first. 
Therefore there should be only narrow openings, which are themselves 
shielded, through the shield and extra care should be taken in measure- 
ments to check that no scattered radiation is in unwanted places. 

To sum up the situation on radiation protection, we can say that for 
most purposes a dose rate of 250 milliroentgens per week total is 
satisfactory provided there is no neutron content. The neutron-pro- 
duced part of this ionization must be given an extra factor of 20, so 
that the principal shielding problem is concerned with neutrons. 

The reasons for shielding are primarily to avoid unknown factors 
such as lens cataract, and genetic effects which have already been de- 
scribed. It is our philosophy that no one should be exposed to more 
than five times the cosmic-ray dosage as a total over a period of any 
one year. This is restrictive but probably wise. 

To keep track of radiation received, film badges are very useful 
and for each day when exposure is known to be possible, pocket ioniza- 
tion chambers should be worn. These are used in connection with an 
electrometer and show the total ionization received in a small ioniza- 
tion chamber during any period. They have the advantage that there 
IS no waiting for processing. Two should be worn as the indications 
from one alone are not always reliable and confirmation of a heavy 
dose by a second chamber is worth having. 
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Five hundred roentgens over the whole body is a fatal dose. This 
is worth remembering when a new machine is being turned on. 

^^'c can conclude with a word about beta rays. These are similar in 
action to the secondary electrons produced by gamma rays except that 
their action is confined to a rather thin surface layer. It is very in- 
tense, about tliirty times more so than gamma radiation itself. It is 
therefore important to avoid even short exposures to primary beta 
rays, for a minute’s exposure to the beta rays from 100 millicuries of 
will produce a definite effect on the skin. This caution is even more 
significant f(tr alplia rays or, still worse, the direct beam from the 
cyclotron or otlier accelerator. A few cases are known in which the 
direct beam has been taken by an individual on the hand, and in each 
(>f these it was fortunate that the exposure was only a matter of sec- 
onds, for the burns produced take months to heal. Where remote con- 
trol is essential, as for a large cyclotron, it is important to ensure that 
no person can be within range of the beam while the machine is on. 


Outlook 

We have made a practice of summarizing at the end of the previous 
chapters. It seems more fitting here to substitute a short section in 
which we discuss the future for the apjdication of nuclear physics. We 
are tluis for the moment in the role of prophets, and we do not claim 
that we arc necessarily right. 

We look to the most significant results from the field of tracer work 
in biology, botany, and their attendant sciences. Where the tracer 
work is carried out among chemical compounds which do not freely ex- 
change their elements, clean, accurate results shouhl be found once a 
few teehnitpies have become standardized. The amount of literature 
already acctnnulating testifies to the safety of our prediction. We 
look to a rich, but rather slower, development of radioactive tracer 
work in chemistry proper, for accurate quantitative results are im- 
portant in that field. This means the development of reliable measure- 
ment metluuls and will take time. The chemists arc still feeling out 
the new techniciue, and obvious applications are not being found so 
fast. The same is true of metallurgy. 

As far as therapeutic work is concerned it is hard to predict. One 
field which will take years to develop, namely, the use of tracers in 
diagnosis, seems attractive, but it is foolish to say that there is a great 
future for a nearly untried method. It is quite likely that artificial 
radioelemcnts will take their place beside radium for the kind of treat- 
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ments given today. The future of neutron therapy still awaits further 
work before we can make any statement. 

The last two paragraphs lead up very nicely to the one general field 
which is certain to be of interest, and that is research in the whole sub- 
ject. The great pleasure we derive from writing this book stems from 
the fact that we are able to describe the weapons to be used in an at- 
tack on one of the strongholds of nature and are also able to be among 
those actually engaged in battering at the stronghold. It is a new 
subject, not one in which the dotting of i’s is all that remains. Rich 
prizes are yet to be won in this domain of science, perhaps without 

extreme effort, and it is the sense of pioneering and possible rewards 
which keeps the interest stimulated. 
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Stable Isotopes and Their 
Application 


Isotopes in general 

In the first cliajitcr, and often in subsequent chapters, we have 
spoken of the building blocks of nature as neutrons, protons, and elec- 
trons. The neutrons and protons were the constituents of the atomic 
nucleus, and the electrons made iqi the outer atom, their number being 
just sufficient to render the whole atom neutral. In these chapters we 
have pointed out many times that it is possible to have nuclei which 
arc off the beaten track, with an unusual number of neutrons relative 
to the number generally found. It has been implied that such nuclei 
arc radioactive, and as a first ste]i in understanding radioactivity such 
an implication is fair enough. In actual fact, however, very many 
atomic nuclei having a certain definite number of protons, which num- 
lier characterizes the element, can contain several different numbers 
of neutrons and yet remain stable. The discovery of this fact has been 
of the utmost importance in nuclear physics. It was first suspected 
when certain of the naturally radioactive elements which differed 
gri'atly from one another in their radioactive properties were found to 
be chemically insejiarable, suggesting that their external structures are 
identical though their nuclei differ. This early suggestion did not, 
however, specify anything about the possibility of stable elements 
existing in forms wliich tliffered only in tlic nuclei, and it was not until 
the celebrated parabola exiieriment of J. J. Thomson in 1912 that it 
was shown that neon existed in two forms. 


'Phis experiment is worth a little consideration, even though rather 
different techniques are used today, because it shows rather well the 
fundamental i>roblems of detecting isotopes. The main object of the 
experiment is to associate a charge with a nucleus and to subject it, in 
this charged condition, to the actitm of electric and magnetic fields in 
such a way that they cause deflections of the moving charged nuclei 
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which depend on the mass of the nuclei. If nuclei were normally sup- 
plied with no attendant electrons the problem of associating a charge 
with them would clearly not arise as the nucleus is already charged. 

In actual fact the only available form in which nuclei can be ob- 
tained is as part of a neutral atom, and it is therefore necessary to 
ionize the atom in order to produce the associated charge. This can 
be done quite easily by several methods, that chosen by ,J. J. Thomson 
being the discharge. A discharge was produced in a large glass dis- 



Fig. 1. Essentials of J. J. Thomson's parabola method of studvina positive ions 
The tons are formed in the discharge tube. A few of them pa.ss thmugl ,e Ze 
n the cathode and tnto a space (A. S; -f, -) where they are subjected to 
allel magnetic and electric fields. These produce deflections at right angles to 
e anothei, and traces in parabolic form are found on the photographic plate 

tZ pZZjfZZZZZ'T""" parabolas, so lhat 

paiabolas fiom one element constitute evidence for the existence of isotopes. 

"m ; and by boring a hole in the 

athode It was possible to obtain a fine jet of positive ions. These ions 

he7r rTnr "f formation 

their range of speeds was considerable. The ions were then made to 

pLIlirer f "'" ‘d ' of 

paiallel electric and magnetic fields. 

^ is represented schematically, and the poles 

th! slmeV"^®" ’ “ r “ > "’ere composed of 

lei T r 1“ T''' r"’ ■'cmainder of the mag- 

net il/d/ as shown. The charged ions are subject to two different 

wees m this space AA', forces which act perpendicularly to the motion 

o the ions and also mutually perpendicularly. The magnetic field 

one causes a force to act which is equal to Hev/c, where H is the 

magnetic field intensity; e the electrostatic charge carried by the ion 

and . he velocity of the ion. This force acts pwpendiculaHy to the 

Erlei I "/"in acceleration of constant magnitude 

perpendicular to the motion. This means that the motion is circular 
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with a radius of curvature r such that the mass times the accelera- 
tion v^/r is equal to the force causing the acceleration. That is, 

Hev mv^ 


or 


c 


r 



mvc 

lu 


Now a little simple geometry will show that the deflection from the 
original path taken by a neutral ion will be inversely proportional to 
the radius of curvature, at least to the first approximation, and so we 
have for the magnetic deflection d//, where 

He 

du — A 

in VC 


.4 being a constant. The ions will be spread out into a streak, the 
streakiness being due to the non-uniformity of v. All such streaks will 
be superposed no matter whether m varies or not. However, if the 
electric field is now turned on, these streaks will be pulled out to one 
side. If the manner of deflection were just the same it would not help, 
for it would simply turn the streaks around. But the manner of deflec- 
tion is different, for the force does not depend on the speed of the par- 
ticle, but only on its charge and the intensity of the electric field, which 
we cun denote by A'. The force is then Xe, and this produces an accel- 
eration a given by 

Xe — ma 


The ion then “falls” in this field in the manner of a projectile while 
between the electrodes, and so is deflected a distance s, where 

s = 

t being the time spent between the electrodes. This time, however, is 
the length of the electrodes I divided by the velocity r, so that 


or 



where we have substituted Xc/m for a. Again, by simple geometric 
reasoning it can be shown that the deflection dx due to the electric field 
is a constant B times this, or 
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dx = B 


\Xel^ 

mv^ 


Now, if the values of H and X do not change, each ion having a definite 
value of e, m, and v will have a definite place on the photographic plate, 
and if there is a continuous spread in the values of v those ions having 
the same e hn will lie along a definite trace and those having a different 
e/m will have a trace separated from the other. This is easily seen in 
terms of the equations by eliminating v from the two expressions for 
the deflections and then getting 


dx = 


XVBc^ 

2A^H^ 


m 

e 


which shows that the traces are parabolas but different parabolas for 
particles with different m/e. 

Thomson’s experiment showed many parabolas which could easily 
be explained as due to molecular ions or multiply charged ions, but in 
neon, where no molecules are formed and the gas is light, two traces 
were always found close together, and no matter how the discharge was 
run the relative intensities of the two were always the same. No ex- 
planation could be found for this fact other than the existence of two 
forms of the one clement neon, the difference being only in the mass of 
the nucleus of the atom, as the chemical properties (and hence elec- 
tronic structure)^ were the same. In terms of our present-day knowl- 
edge of the constituents of nuclei we say at once that the nucleus of the 
ight form has ten protons and ten neutrons while the heavy form has 

ten protons and twelve neutrons. The name isotopes was given to such 
nearly identical atoms. 

We propose to return to the point later, but we wish to point out 
here that the experiment showed that the ratio of the intensities of the 
two isotopes remained the same under all conditions. This is an essen- 

lal feature of all normally occurring material; the ratio of the concen- 
trations of the various isotopes is always the same. 

This discovery of the existence of stable isotopes was followed by the 
steady uniformly directed work of Aston, who showed the generality 
of the phenomenon and in the years 1919 to 1925 discovered new 

mentafid" “f e’^P^riments the funda- 

mental idea of the parabola method, to subject positive ions to electric 

lonst r but the method of subjecting the 

ions o these fields was changed to give better resolution among differ- 

topes. The mam defect of the parabola method is that it does 
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not tend to focus the j<»n beam. Aston directed his attention to a 
nu'tliod by which ions whicli had different velocities but the same e/m 
would arrive at the same point on the photographic plate even though 
they sta7'ted their paths at (hfjerent angles. This is achieved by sepa- 
rating the electric and magnetic fields so that the electric deflection is 
applied first and tlic magnetic afterward. The two deflections are also 
arranged to he in the same plane as the plane of the beam; that is, the 
electric and magnetic fields are perpendicular to one another. Now 
the reader can see from the equations for the parabola method that the 
electric deflection of a fast ion is small, depending on l/y-, whereas the 
magnetic deflection depends on 1/v. By letting the ions travel a long 
way after the influence of the electric field and only a short way after 
the influence of the magnetic field, and by cht)osing a suitable inclina- 
tion for the detecting plate, it is possible to (tbtain a beam of ions, 
focused at {)ne point on the jilatc for variable \’elocity and angle of 
origin, but the same e/m. This property of focusing mass is similar to 
the action of the spectrograph in focusing light of various wavelengths, 
hence the term “mass spectrograph” or “mass spectrometer.” 

From the point of view of nuclear physics some of the most interest- 


ing results have been obtained with mass speetrograpiis of very high 

resolution; but, as such work is highly specialized and the apparatus 

elaborate, we prefer here to describe only mass spectrometers which arc 

suitable for analysis of elements into their camstituent isotopes, and 

hence of interest in the application of isotopes to organic chemistry and 
biology. 


Mass Spectrographs 

The problem which dominated the early experiments on isotopes— 
devising an apparatus which wouUI focus a beam of ions having witlely 
different velocities— is now no longer the major difficulty. One very 
simple metliod was suggested and put into juaetice by IXmipstcr be- 
tween 1918 and 1922. This method utilizes the fact that particles bent 
in a semicircle will be focused at the end of their path and so niav be 
detected with accuracy. The best way of seeing this is to construct 
circles of the same radius but with centers a little above one another. 
It will be seen that though the circles can be far ai>art above the cen- 
ters they he (piite close together near the horizontal tliameter. This 
focusing action is often made use of in nuclear physics, for example in 
beta-ray spectrometers. In Dempster’s experiments the positive ions 
were produced by bombarding atoms of an element evaporated from 
a hot surface, by electrons accelerated after leaving a hot tungsten 
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wire. Such ions are formed with very little energy other than their 
energy of ionization, and if they are then made to fall through a defi- 
nite potential difference of about a thousand volts they will each have 
virtually the same energy. After this they are made to pass through 
a sht system in a magnetic field and enter a chamber where they are 
collected on an insulated plate and their number measured as a current 
on an electrometer. The magnetic field will not be of the right value to 
bend (and hence focus through the slit system) the ions into semi- 
circles unless it is specially adjusted, and each isotope will have its own 
particular value of the field. By plotting the detector current against 
mapetic field the various isotopes appear as peaks of current, and 

their abundance may be compared by comparing the heights of the 
peaks. 

A second method of obtaining a definite velocity for the ions is that 
used by Bambridgc. Bainbridge subjected tlie ions to a preliminary 
passap through a region in whicli electric and magnetic fields applied 
opposing forces. If the forces are equal the ions can pass through the 
slit system, and as this equality requires that 

Hev 

= Xe 

c 

the velocity v is determined by the ratio of the electric and magnetic 

fields. These ions that have passed through the “velocity selector” 

are then bent into semicircles and detected on a photographic plate. 

ince the velocity is fixed the various semicircles can correspond only 
to definite values of e/m. 

The design of mass spectrometers for routine work with separated 

isotopes is becoming standardized. Two designs have found favor in 

laboratories where separated isotopes are being used, the designs of 

Aier and Bleakney. As Nier’s design is more recent and quite simple 
it will be described first. 

The apparatus does not look particularly like Dempster’s arrange- 
ment, yet it differs in principle only in the focusing arrangements. 
The ions are produced by bombarding by electrons the gas or vapor to 
be studied. These ions are accelerated by a potential drop of about 
a thousand volts, and the beam of ions so produced passes into a mag- 
netic field in which they suffer a deflection of 60 °, rather than 180 ° as 
in Dempster’s method. This deflection permits the use of a very simple 
magnet and succeeds in focusing the ions owing to a fact first pointed 
out by Barber, that, if a magnet having pole pieces in a wedge shape is 
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iKscd to deflect ions and tlie ions enter and leave the pole pieces perpen- 
dicvilarly to them, then the source slit, the apex of the wedge, and the 
focus lie on a straiglit line. 

Tlie experimental arrangement is as indicated in Fig. 2 . The ions 
arc formed by electron bombardment from the filament F, in the space 
indicated by the dotted lines. C is a wire attached to the collecting 
electrode used to measure the bombarding current. The ions are 
accelerated to tlie slit in the plate P by a variable potential of around 



Fio. 2 . Nicr’s mass speciroincter. The ions arc formed by bombaniment of elec- 
Irons in the space indicated by dotted lines. Tliey arc accelerated by a variable 
voltage to the slit Si. pass down tlie tube to tlie magnetic field ,U, and are focused 
hy it on the slits S;*. S3. Tlie slit S3 is used to apply a repelling potential to any 
secondary electrons formed at Sl*. The ion beam is detected by an electrometer 

tube. 

a thousand volts and proceed down the tube to il/, the magnetic field. 
Here they are deflected and then arc focused on the slits S3. The 
.second slit 83 is needed to apply a repelling field to keep electrons pro- 
duced in the first slit by positive-ion bombardment from registering 
in the rccortling equipment. Tlicse secondary electrons depend on a 
nvimber of factors, and althougii at any given time the number of 
secondary electrons is inoportional to the positive ions their number 
may vary as the bombarding energy is changed and so interfere with 
accurate abundance figures. The very small current of ions at the col- 
lector IS measured by an electrometer tube arrangement as described in 
Chapter 3 . The slits arc so arranged that the peaks have flat tops, 
which greatly helps in making abundance measurements. 

To focus (lilToront isotopes at the collector the nccolernting potential 

IS varied. The relation which governs the curvature of the ion paths is 
the familiar relation 
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Hev mv^ 
c r 

and the velocity of the ions is given by 

= Ve 

where V and e are in electrostatic units in the second equation and H 
and e in electromagnetic units in the first. If V is expressed in electron 
volts, H in gauss, and m /e in atomic mass units divided by electronic 
charge, the formula which applies is 

- = 4.82 X 10“^ 

€ V 

Then, if the value of V is changed, with H fixed, the various values of 
m/e will fit the focusing conditions and register on the meter. Accord- 
ing to Nier a current of 5 X 10 “^^ ampere is readily detectable without 
much difficulty, and it is possible to carry out an analysis with 1 cc of 
gas at 1 -cm mercury pressure, which is about 1 microgram of material. 
The cost of the whole equipment, if it is built and set working by the 
laboratory, is about $1800. 

Bleakney’s mass spectrograph is also commonly used. It is of the 
conventional Dempster design, the most important feature being that 
the whole evacuated space in which the ions move is of glass, which 
makes it extremely simple to bake out and so remove occluded gas 
from the solid parts. The magnetic field is produced by air-cored coils 
and is rather expensive to construct. 

A few technical points are of interest. First is the ability to heat the 
whole apparatus to remove trapped vapors, the process known as 
“baking out.” This is achieved in Nier’s apparatus by rolling the 
magnet out of the way and replacing it by a furnace which heats the 
copper pipe while the pumps are running. A second point is the pres- 
ence of “natural” impurities. Both carbon monoxide and water vapor 
can be expected to show up every time and must be allowed for. Nier 
suggests that by varying the speed of the electron bombardment in the 
space where the ions are formed it would be possible to diminish the 
pioportional effect of impurities. Thus OH requires a higher ioniza- 
tion potential than CH 4 , and by means of a rather low-energy bom- 
bardment the OH line might be reduced to a minimum. 

During World War II the development of pulsed techniques for 
radar and other purposes led to the suggestion that pulses of ions can 
be formed and set in flight and the various isotopes detected by the 
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time of flight along a path a meter or two long. Such an instrument 
has been made to work, but it seems doubtful whether it is sufficiently 
simple to replace the magnetic method. For the assay of deuterium 
it might be feasible sinee the ratio of masses is so great, and it is pos- 
sible that an instrument designed primarily for this purpose may find 
future application. A combination of this idea and a magnetically 

guided helical path is being tried by Goudsmit and has considerable 
promise. 

The subject of the determination of deuterium is of some interest 
since it can be made with relatively simple instruments. The density 
of heavy water is so much greater than that of light water and the 
operation of comparing density is so accurate that deuterium can be 
estimated to 1 part in 300,000 by this method. There is one point 
wliich must be remembered and that is that the difference in mass of 
the hvo hytlrogen isotopes is so great that there is actually a definite 
modification of the electronic structure. As a result the use of deu- 
terium as a tracer may be open to some question. This can be guarded 
against by careful check experiments. The metiiod for density deter- 
mination consists of accurate timing of a drop of fluid to be tested fall- 
ing through a fluid of known density with which it will not mix. The 
flui<l must be carefully kept at constant temperature. 


Separation of isotopes 

\\ e have so far explained the discovery of isotopes and the method 
of detecting them. This does not explain their application in other 
studies. The reason for their usefulness is that nature has arranged 
matters so that there is almost no deviation from the abundance ratios 
of various isotopes, no matter in what form they are found. Such devi- 
ations as arc found arc of the onler of one part in a million, with a few 
exceptions in which the isotopes may result from radioactive changes. 
I his fact means that a sample of material which has an abnormal 
ratio of isotopes, though it is chemically identical with ordinary ma- 
terial. IS nevertheless detectable by the mass spectrometer. Thus, if 
carbon dioxide containing 10 per cent in place of the usual 1 per 
cent, is given to a plant to breathe, any part of the plant which subse- 
quently shows that the jiroportion of is abnormally high must 
have reco.vcd that C- fro.n the labeled earbon dioxide. ‘ In this way 
le uhc of separated isotopes is similar to the use of radioactive iso- 
tope, the only difference in principle being that the mass spcctnigraph 
ao s as a counter” which will detect non-radioactive material. This 
)< ing .0, t le pioblein of the biologist or organic chemist who expects to 
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use isotopes as tracers is to obtain elements which have been enriched 

in one or more of their isotopes. This requires consideration of the 
process of separating isotopes. 

Clearly the problem of isotope separation is not simple, except for 
two freak materials, deuterium and light helium, where unusual meth- 
ods can be employed. Leaving these two aside for the moment, it can 
bo seen that the very small difference between elements which differ 
only by a neutron more or less in the nucleus is going to be exceedingly 
hard to utilize in separation. Nevertheless, if the amount of mateiLal 
required is not large it should be possible to make use of these small 
differences and secure some kind of separation if one is ready to make 
an apparatus elaborate enough and have enough patience. Many such 
elaborate arrangements have been tried, but at the present time only 

two are of much use in practice, the method of thermal diffusion and 
the method of chemical exchange. 

Before describing these methods more fully a word about isotope 
separation in general is in place. In ordinary material we have a mix- 
ture of components which we seek to separate one from the other to 
give us material with enriched isotopes. This is not unlike the problem 
of obtaining energetic and “cool” molecules from a mixture of the two 
at ordinary temperatures, a problem which, as is well known, requires 
the use of some external agent doing work to produce the required 
lesult. In thermodynamic terms we are seeking to reduce the entropy 
of the substance, and we can do this only by the expenditure of the 
appropriate amount of energy. The hope that some extremely ingeni- 
ous inexpensive method of separating isotopes is about to be devised is 
therefore doomed. We should rather expect that all the various pos- 
sible ways of isotope separation would tend, when efficiently used, to be 

With this preliminary word let us consider first the method of ther- 
mal diffusion, which can be discussed more generally than chemical 
exchange. The explanation of this method in easy terms seems to be 
difficult In brief. It is the combination of two factors: the first the 
actor of thermal diffusion which in many gases causes a concentration 
of a lighter component near the hotter of two surfaces ; and the second 
the factor of convection which can be used to “cascade” the separation 
produced by the process of thermal diffusion. Thermal-diffusion 
equipment therefore consists of long tubes, cooled on the outside with 
a hot wire, or cylinder, along the inner axis. The gas is allowed to 
remain in these tubes for some time until the two processes result in a 
separation of the heavy component at the bottom of the columns and 
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the ligtit at tlie top. The separation factor depends on many variables 
mainly on the length of the column, the temperature difference between 

the hot wire and the cooled outer wall, and the nature of the gas the 

more noble the better. 


Cold 

wall 



Hot 

wall 




Fio. 3 Schematic representation of the thermal-diffusion method of isotope 
aeparation, A illustrates the phenomenon of thermal diffusion; B is a diagram 

of a single-column apparatus. 


account can be amplified by considering the two 
parts of 1. tg^ 3. In A is an attempt to explain the existence of thermal 
dillusion The space between the ilotted lines, tlie average part of the 
gas can bo looked on as separating tlie regions near the hot and cold 
«alls. Iisow these regions are still very thick as far as numbers of col- 
l.sions arc ooneerned, and a faster molecule, after leaving the hot wall, 
\M still have to share its momentum with the molecules in the space 
neat the hot wa I before it, or one it has struck, reaches the center. The 

" ith greatest speeds, and 
tlius with the greatest tendency to dilTuse through the layer CD, will be 
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those which have received the greatest amount of momentum from 
the other molecules in the region near the hot wall. The key to the 
phenomenon of thermal diffusion is therefore to be sought in the trans- 
fer of momentum from one molecule to another, and this will not be an 
easy matter to predict. In this respect the phenomenon of thermal 
diffusion brings out clearly the essential complexity of a complete 
theory of a gas, for the interaction between molecules, which is often 
dismissed as “elastic,” for example, here plays the most important 
part. It IS far from obvious, but it turns out that the transfer of mo- 
mentum is predominantly from light to heavy for interactions that are 
very rapidly varying with distance— the so-called “hard-spheres” 
case-and for an inverse fifth-power law of force disappears entirely 
Gases which appro.xiinate to hard spheres are therefore easy to sepa- 
rate, whereas those m which the force varies more slowly are difficult. 

In the first category fall the noble gases; in the second, gases like hy- 
drochloric acid. ^ 

Granted, then, that a thermal-diffusion coefficient exists, it will cause 
a concentration gradient in the gas which will increase until it is bal- 
anced by the ordinary diffusion process tending to make the concen- 
tration uniform. A single arrangement like A in Fig. 3 will thus pro- 
duce only a very small separation factor, and it is necessary to repeat 
he process many times to obtain useful separations. The beauty of 
the theimal-diffusion process is the great ease with wliich this repeti- 
tion can be achieved, as can be seen in part B of Fig 3 Here a sche 
matic arrangement of a single column is illustrated. The central hot 
wire IS heated electrically, while the outer part is cooled by a steady 
flovv of water. The thermal diffusion causes the concentration of light 

carnes the light isotope upward. This means that as time goes by 
there will be a concentration gradient not only across the tube but also 
up the wire, since the gas near the wire is continually being replaced 
by the convectively carried light component. The result is that the 
gas at the top of the column is light and that at the bottom heavy 
The heavy component can easily be removed by continuing the convec- 
tive circulation through the flask by means of a heating coil around 
one of the tubes, and after a suitable time the stopcocks can be 

simdtry component can be removed 

W Imn the gas to be separated is suitable the method is very power- 
ful. For example, Watson found that a single 2-meter column operated 
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on neon for a few days gave a separation factor * of 8, which meant 
that one component was for all intents and purposes pure Ne^*’. On 
the other hand a several-column apparatus employed by Shrader on 
HCl gave a separation factor of 3 or so after several weeks of running. 
This great difference illustrates the large effect of the nature of the 
interaction between the molecules. 

It is quite p{)ssible to employ several columns in series, the passage 
of gas from one to the other being achieved by convection. Both glass 
and metal columns can be used, and the apparatus lends itself to more 
or less automatic running; no special attention is needed if the water 
aiul power supplies are reliable. For this reason it is likely that ther- 
mal-tliff usion equipment will become a commonplace in most large ex- 
perimental institutions. 


Considerable success has been attained by the method of chemical 
exchange as developed by Urey and his associates. Although the 
pritnary i)rocess is apparently quite different from the method of ther- 


mal diffusion there is considerable similarity between the two methods 
in the use of long columns to cascade the primary process. The method 
of chemical exchange re(iuires considerable research into the equilib- 
rium of various exchange reactions to find one which is suitable for use. 
By this is meant that, if, for example, we have a gas and a liquid in 
which heavy and light isotopes are exchanging, an appreciable differ- 
ence in concentration of light and heavy will exist in the liquid and 
gaseous phases. To consider a specific reaction: 


N*ni 3 (gas) -f- X’^H4+(sulphate) ^ N’-^HaCgas) -|- X‘Md 4 +(sulphate) 

It is found that when final equilibrium is reached the ratio of the con- 
centration of the light nitrogen isotope as gas to that of the heavy is 
1.02, a factor which is apiireciable. Now if there can be devised a 
method ()f cascading this separation it will not be excessively difficult 
to obtain from this rather small factor a final very large separation, 
'flu' method of cascading the process is the familiar method of frac- 
tionation. A stream of gas rises up a column to meet a flow of ammo- 
nium sulphate down, and in this way there is a continuous tendency 
for (he light isotope tt) move upward with the gas and the heavy to 
move downward with the liquid. With enough care and ingenuity 
Nci\ laige fields of N'* of greater than 50 per cent abundance have 
been secured, and as nitrogen does not exist in a suitable radioactive 
foim loi tiacer work this makes feasible experimental work which 


* The separation faetor is tlu- ratio of mtios of the two isotopes. If Na/Nb is the 
normal ratio of .1 to B ami the s^^parated ratio, the sepanition factoris^=^. 

Na/Nb 
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otherwise would be impossible. The method has also been used for 
oxygen and carbon with good yields, and there is evidence that sulphur 
can be separated in this way. 

During the war revolutionary improvements were made in two 
methods of isotope separation. The first is the electromagnetic method, 
which is in essence a huge mass spectrograph designed specially for the 
purpose of collecting quantity lots of separated isotopes. The products 
of a part of the plant built for the separation of are now made 
available for research use. and as a result separated isotopes of boron, 
silicon, potassium, and others can be obtained from the Isotopes Divi- 
sion of the Atomic Energy Commission. The second method is the 
gaseous diffusion method. This is in principle much simpler than the 
tiiermal diffusion method since it depends on the fact that the molecu- 
lar velocity at any given temperature depends inversely on the square 
root of the molecular weight so that the rate of diffusion through a 
barrier of small holes also depends on the molecular weight. Thermal 
diffusion is simpler as a laboratory method, first, because of the 
difficulty of making the barrier (which must have only small holes, 
comparable in size to the distance between collisions), and second, 
because of the fact that to make a cascade process it is necessary to 
pump the gas, wliereas in thermal diffusion convection docs the cas- 
cading. On a large enough scale simple diffusion is successful, but it 
uill almost certainly only be applied to the development of atomic 
fuels, because only for that purpose is it economically feasible. 

One or two “freaks” are also of interest. Deuterium, in which the 
latio of masses is so large and the difference of properties so great that, 
for example, separation by electrolysis is quite easy, is familiar. The’ 
other is He^, which could readily be separated from He** by using the 
extraordinary properties of ordinary helium at very low temperatures 
Ordinary helium, when cooled below 2.5 degrees absolute, becomes a 

superfluid with very abnormal properties — virtually zero viscosity 

and almost any process requiring the flow of helium as a liquid would 
separate He-* from He®. The reason for this is the symmetry of ordi- 
nary helium which requires that it obey the Einstein-Bose statistics, 
whereas He®, with two protons and a neutron, could not do so. He® 
would thus have the normal viscosity of a liquid, and the separation of 
the two isotopes should be a simple matter. 

Biological use of stable isotopes as tracers 

One of the simplest uses of stable isotopes is concerned with the 
exploitation of simple mixtures. If we have a mixture of a number of 
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rather similar substances {Rittenbcrg quotes alpha amino acids, but 
any mixture wliicli is difficult of separation can be treated in the same 
way) and desire to know the proportion of one of tlie constituents 
present, we may do so without actual analysis as follows. Prepare a 
small samjile of mass u- of one of the amino acids containing a per- 
centage excess of, say, of P^g. This means that if there are in 
this sample .V]g extra molecules with the heavy isotope, and iVig or- 
dinary molecules, the value of Pig is given by 




N 


13 


100 iVi3 4- 


12 


Xow if the sample is allowed to mix in with the conglomerate and some 
of the original amino acid is isolated aiul tested in the mass spectro- 
graph a new value for the percentage excess P'13 will be found. If 
;V 12 is the number of molecules of this particular amino acid present in 
the conglomerate we can see that 


100 




13 


A^13 -f- A^I2 + A"i2 
and on dividing the two equations by each other we get 


13 


/"i 


13 "f A'i 2 4" A '12 

A' 1 3 + ^12 


If 11 is the mass of the amino acid present in the conglomerate, the 
right-hand side of the above equation is simply (IT 4- xv) /n\ and so 
\\c deduce that II = w’tPig P'lg — 1). This means that only a small 
anunmt of the amino acid under test need be isolated, and as about 20 
mg is ample this is not usually difficult. Notice that no exchange must 
take place, and that P and P' refer to percentage c.rrcsscs. 

Rittenbcrg has used this method to examine the extent of racomiza- 

tion of glutamic acid in tissue. A d-l mixture containing excess 

was added, and the two were separated in samples sufficient to permit 

Ihe determination of the new excess. In this way the amount of either 

kind of glutamic acid was determined and the racemization shown to 
be small. 

I Ik. um of deutciium, carbon, and nitrogen tracers has necessitated 
the synthesis of organic compounds of tlie kind occurring in biological 
organisms. This difficult task has been attacked, notably by Schoen- 
heimer. Schoenheimer has made an extensive scries of syntheses of 
compounds containing deuterium and nitrogen. The deuterium is 
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always used in compounds in which it is bound to carbon, and it there- 
fore acts as a tracer for the carbon chain. Nitrogen is used in the form 
of amino acids. The procedure is first to introduce a small amount of 
the substance to be studied into an animal, which of necessity is small; 
after a short time of exposure the animal is killed and a large number 
of pure compounds isolated from the animal. The presence of excess 
of deuterium in any of these samples is determined by measurement of 
density, and by measurement of nitrogen by mass-spectrograph analy- 
sis. The fact that different compounds are found to contain the excess 
isotope indicates the various chemical changes which have taken place. 

Schoenheimer, by introducing fatty acids with excess deuterium con- 
tent, has shown that although the proportion of various fatty acids in 
the body remains the same there is actually a continuous interconver- 
sion of one into the other. A simultaneous synthesis and breaking- 
down process was observed in which a series of complex fatty acids was 
built up from simple compounds while complicated substances were 
broken down into simple ones. The processes are quite rapid. The 
same feature of complicated interchange, with some means regulating 
the actual amounts of each substance, was found among the amino 
acids of the proteins in living animals. From the fate of adminis- 
tered as various amino acids it has been inferred that peptide linkages 
are continuously opening and closing, and that amino groups can be 
detached from amino acids while nitrogen can be attached to nitrogen- 
free substances. The interchange takes place among virtually all the 
proteins of the animal. A detailed account of Schoenheimer’s work is 
not to be attempted by the authors of this book, as the erroneous de- 
scription of intricate organic reactions would not add to its value. The 
fundamental processes taking place in organisms seem to be coming 
within our comprehension, however, as a result of this type of work. 

As the sensitivity and precision of the mass spectrometer are increased 

it is possible to exploit it for remarkable geological and biological 

studies. Thus consider the abundance of the potassium isotopes in a 

rock. The proportion of to Ca-*» together with the knowledge of 

the half-life of K-*® (not too good as yet) make it possible to determine 

the age of the rock. (Such work, which exploits very accurate mass 

spectiographic analysis with a knowledge of radioactive processes, 

looks very promising. A pioneer in this field has been Harrison 
Brown.) 

There is not much difference in principle between experiments in 
which stable isotopes are used and those using radioelements. The two 
impoitant elements oxygen and nitrogen do not occur in suitable forms 
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as radioelcmciits, and so they are available only as stable isotopes. In 
j^eneral, if a radioactive isotope is conveniently available, it should be 
preferred, as the means of detection are so simple. Radioactive iso- 
topes can also be diluted many more times than stable isotopes and so 
have a rather wider range of application. It is greatly to be desired, 
however, that several different methods of approach be available to 
the same j)roblems, for the confirmation one gives to the other is the 
most certain way to guarantee good experimentation. 
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10‘ Nuclear Fission 


The story of nuclear fission really begins at the University of Rome 

in 1934. The neutron had just been discovered by Chadwick in 

England, and an Italian physicist, Enrico Fermi, with characteristic 

scientific curiosity, exposed practically all the elements in the periodic 

table to these uncharged particles. His efforts were rewarded by the 

discovery of a large number of new radioactive substances. The usual 

process involved the capture of a neutron by the nucleus in question. 

this, in turn, often produced an unstable nucleus possessing too much 

mass for its charge. The atom then proceeded to return to a stable 

state by emitting a beta ray. This, of course, resulted in an element 

one unit higher in atomic number than the parent atom. What 

reasoned Fermi, would happen if uranium were exposed to neutrons? 

Recall that in 1934 uranium stood last in the periodic table If the 

above mechanism were followed, one should finish with an element 

of atomic number 93. But in all nature no such element was known 

to exist This was an experiment to excite the imagination of a future 

Nobel laureate. So Fermi and his associates did just that. After an 

extended exposure to the neutron source, the uranium showed an 

activity that could be broken down into four half-lives; 10 seconds 

40 seconds, 13 minutes, and 90 minutes, with some indication of still 
longer ones. 

Now there are but three naturally occurring isotopes of uranium so 
the appearance of four and possibly more half-lives showed that some 
unusual process was operating. It was reasonable to guess that one 
of these activities corresponded to an active form of element 93. Since 
the idea of a new rare earth series starting with actinium had not yet 
been conceived, element 93 would appear in the periodic table in the 
same column with Mn, Ma, etc., and presumably have similar chemical 
properties. Hence, to test this point, a manganese salt was added to 
a uranium salt solution which had been irradiated by neutrons The 
Mn was then precipitated as MnO,. About one-sixth of the 13-minute 
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and 90-niinute period activity was brought down by this procedure. 
None of the natural uraniuin activity appeared. This proved that the 
active bodies were not chemically like uraniuin or its immediate daugh- 
ter products, inevitably present in uranium. It was found further that 
if small amounts of an isotope of radium or actinium were added to 
the uranium solution neither would be precipitated with Mn02. This, 
together with certain other facts, permitted Fermi to conclude that 
the precipitated activities were not to be associated with any element 
between atomic numbers 86 and 92, inclusive. 


Considering the known nuclear reactions, this was evidence, beyond 
a reasonable doubt, for believing that at last man had pushed beyond 
the bounds of nature into the realm of the transuranic elements. 
Naturally this announcement created a great deal of interest among 
physicists and chemists, and several became active in further work 
on the problem. By the end of 1935 it had been pretty definitely estab- 
lished that the bodies responsible for the two longer periods could not 
be isotojiic with any element finun mercury to uranivim. 

Having convinced themselves that these activities had to belong to 
transuranic elements, three German scientists. Hahn. Meitner, and 
Strassmann, tackled the job of identifying the elements responsible. 
After an extensive series of experiments with various times of irradia- 
tion, the use of fast and slow neutrons, and numerous chemical tests, 
they finally proposed a scheme whereby three active uranium isotopes 
weie foiniod, each of which decayed into successive transuranic ele- 


ments. By this time, through more careful experiments, the original 
four half-lives had increased to nine, and elements of atomic number 


up to 97 had to be called into service to take care of all the findings. 

This scheme, though it did seem to cover the experimental results, 
raised several cpiestions almost as perplexing as the original one of 
identification. The radioactive yields for each mode of decay required 
that the prolific isotope U-'‘» be responsible for all three active urani- 
ums. How was one to explain the formation of three isomeric uranium 
nuclei of mass 239. two produced by either thermal or fast neutrons, 
the other by resonance capture of neutrons having energies of a few 
volts? How couUl one justify their subsequent decay through the 
same transuranic elements, but with greatly differing half-lives at 
each stage? And why should the addition of one neutron to the prac- 
tically stable I -*« set off' a chain firecracker that had to belch up 
five beta rays before ivturning to m.rmalcy? It is doubtful that any- 
one. including the experimenters themselves, relished this solution o( 
the mystery, but no one was able to offer a better answer. 
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To attempt an explanation of these difficulties, several workers 
stuck doggedly to the problem. In 1938 two of them, Curie and 
Savitch, struck a promising clue but unfortunately failed to follow 
it up. They discovered a new active body in irradiated uranium, this 
one with a 3.5-hour half-life. It was precipitated with lanthanum as 
a carrier, thus suggesting that it might be actinium, since lanthanum 
and actinium appear in the same column of the periodic table. They 
actually added some actinium to a solution containing the 3.5-hour 
activity and by fractional precipitation 'succeeded in changing the 
relative activity of tlie two. \\ e now know that the 3.5-hour period 
is in leality due to an isotope of lantlianum. and the above result 
might well have been the key allowing Curie and Savitch to be the 
discoveiers of fission. But fate ruled otherwise, and after a further 
seiies of experiments they decided that the active substance differed 
slightly from lanthanum. This left only the already overpopulated 
transuranic territory in which to dump the 3.5-hour stepchild. In 
doing so they stressed the difficulty of finding a place for an element 
having chemical properties like lanthanum in the region of the periodic 

table just beyond uranium. This added another complication to the 
already impossible maze. 

About this time Hahn and Strassmann re-entered the picture. They 
repeated the experiments of Curie and Savitch and then went on to 
discover that, with barium as a carrier, certain activities could be 
precipitated from an exposed uranium solution which grew into other 
active elements precipitable with lanthanum. The precipitate they 
labeled as due to an isomeric radium isotope and the growing activity 
as due to isomeric actinium nuclei. But, again, difficulties confronted 
them. To get from uranium to radium, the nucleus involved must lose 
four positive charges. The most logical way in which this can happen 
would be by Its emitting two alpha particles. These were searched for, 
but without success. Again the picture darkened, but, as we shall see* 
it proved to be the darkness before the dawn. ^ 

Realizing that it would be difficult to convince responsible physicists 
that a U(n, 2a) Ra reaction could take place with slow neutrons, Hahn 
and Strassmann carried out an elaborate series of tests to prove rigor- 
ously that the active atoms in question were truly like radium. Their 
researches finally reached the point where they could say definitely 
that radium and barium were the only elements to which the activities 
in question could possibly belong. All that remained now was to elim- 
inate barium and they would prove their point. To do this they took 
some of the separated “radium" obtained from irradiated uranium 
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anti added a little barium and MsTh] (an isotope of radium). They 
now performed fractional precipitations and crystallizations of the 
kind used for separating radium from barium. They expected that the 
‘■radium” atoms would go along with the MsThi anti concentrate in 
the usual way, thus eliminating barium from consideration. But the 
expected did not happen. True, the AlsThi concentrated as it should 
have done, but the “radium” remained uniformly distributed among 
successive samples. The conclusion, though dumbfounding, was in- 
escapable. The “radium” atoms were really barium. A new concept 
was necessary. For some reason, when a neutron is added to a ura- 
nium atom the union can result in a splitting off of a barium atom. 
Instead of pushing off into the uncharted transuranic seas, workers 
had for years been blindly paddling in well-known waters, half-way 
down the periodic table. It was a discovery to thrill the most sophis- 
ticated person and yet at the same time fill even the egotist with a 
sense of humility. So, it was probably with mixed emotions that 
Hahn and Strassmann announced their discovery. 


If these so-called radium atoms were truly barium, then the immedi- 
ate daughter activities should be in reality lanthanum. As a double 
check on their momentous discovery, they proved that this was so. 

Why do we attach such great importance to this single discovery? 
One coulfi dramatically answer "Hiroshima,” but from a scientific view- 
point it will be more profitable to consider the packing fraction curve, 
Fig. 1. Note that the value for stable elements with A ^ 118 is roughly 
-0.0005, whereas for uranium the value is about -|-0.0005. On this 
I)asis. cleaving a uranium nucleus in half to form two lighter nuclei 
would result in the eventual disappearance of [0.0005 — (—0.0005)] X 
„3() — 0.236 unit of mass. According to Einstein’s mass-energy 
eriuivalence concept this disappearing mass should appear in the form 
of energy. Relatively speaking this energv release would be tremend- 
ous. amounting to more than 200 Mcv. The greater part of the release 
would be imparted to the fragments as translational kinetic energy. 
Another fraction would appear later as beta and gamma radiation 
during the return of the fragment atoms, overburdened with neutrons, 
to a stable form. The magnitude of this process is astounding when 
It IS rccalletl that the explosion of a TNT molecule releases only a 
few electron volts, not million electron volts, of energy. 

The announcement by Hahn and Strassmann caused a beehive of 
activity in many places. Nuclear physicists realized that, if such a 
sp itting ol the manium atom took place under neutron bombardment, 
the energy release could he easily detected by the simplest kind of 
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research apparatus, present in every nuclear laboratory. The expected 
was quickly found. Under neutron bombardment uranium did split 
into two lighter fragments. Hahn and Strassmann were entirely cor- 
rect. In three different ways this w'as shown. 

The most obvious arrangement included an ionization chamber lined 
with a uranium-containing material and having the output of its am- 
plifier connected to an oscilloscope. In the absence of a neutron source 



Fig. 1. Plot of packing fraction versus atomic mass from data due to Dempster. 
The packing fraction is the mass deviation from a whole number divided by the 
mass. It can be seen to be at a minimum around mass number 50 and high at 

both very light and very heavy elements. 

the pulses on the oscilloscope screen were those caused by the alpha 

particles from the natural radioactivity of uranium. The energy of 

these particles is well known, and the size of the pulses could thus serve 

as a standard of comparison for those due to fission. Whenever the 

ionization chamber was placed near a neutron source, strange things 

began to happen on the oscilloscope screen. Huge kicks, judged to 

represent ionizing particles with energy of 100 Mev or more, appeared 

Figure 2 IS a representative picture. Indeed, here on display M^as the 

greatest man-made nuclear catastrophe yet produced. Stranger than 

the effect itself is the fact that no one had accidentally stumbled onto 
the phenomenon years before. 

A second picturesque way of demonstrating fission involved use of 
a AVilson cloud chamber. A thin plate containing a layer of uranium 
evaporated on mica was fastened inside the chamber. The chamber 
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was tiicn placed in the neiglihoiIuuKi of a neutron source. Periodic 
expansions of the chamber were made and pltotographs taken of each 
At first only the tliin lines of condensed vap(U' representing paths of 
uranium ali)has and neutron recoils were seen. Then it liappcned 
I wo thick stubl)y lines of ionization appeared in one picture. It was 
without doubt the heavy fragments from the splitting of a uranium 
nucleus. Figure 3 is a reproduction of one such cloud-chamber pic- 
ture. hinal prooi that the responsii)le particle is a very heavy one is 
seen in the short spurs jutting out from the main tracks. These arc 





Photo;; laiili 


. tak(‘ii by J. R, DiniTiinsi. of an oscillo.scopc screen showing 
pul.^cs (liH- to ioni/iui; fission fia;;inents. 


lino to gliincinf; collisions of the fission piiitiolo with mioloi of helium, 
oxygon, or carhon, present in the vapor of the chainher. Tlic proof of 
the heavy mass of the particle comes from the fact that these collisions 
do not cause the fragment to deviate noticeahly from its straight-line 
path. In order that the principle of momentum conservation be 
oheyed, the two parts of the uranium nucleus lly olT in opfiosing direc- 
tions when it is a slow neutron which touches olT the fireworks. 

A third way of verifying the explosive nature of the process is less 
spectacular than the preceding ones hut fully as conclusive. Here a 
layer ol uranium is placed close to, hut not in contact with, a collector. 
Kor the collector .loliot used a cylinder of Bakclite; Meitner and 
I'nsch employed a water surface; McMillan used stacked cigarette 
papers; ItretM-her and Cook used a glass plate. All found what they 
expected to lind; namely, that upon exposure to neutrons the collector 
hecame covered with radioactive atoms and that the half-lives agreed 
with thosi pioduccd in the uranium itselt. The conclusion was un- 
equivocal. I’hese atoms had reached the collector by c.xjilosive dis- 
luptioiis of uiaiiiiim luicici, lor mere capture of neutrons and ejection 
ot beta particles would not have given sullicient energy to heavy atoms 
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to eject them from the .'^ample. Thi- \v:i.^ tlireet evidence indicatin': 
that the wliole gn.ui) of radioactive ■■tran>uramc" elements must be 
m reality isotopes of an element of lower atomic number. There was 
one exception to this. McMillan prepared a thin uranium sample from 



'he spins bnm.iina: froni tlie fission track-s The 

numerous other traeks m ,he photograph arc the re.^ult of fast neutron recoil; 

(Ihotograph courtesy of Prof. T. Laurilsen.) 

winch practically all fission products escape, .\fter exposure to neu- 
trons the uranium layer contaiiie.l a 2.3-ininute activity. This was 

attiihutcd to I decaying to a true transuranic element (93), which 
today IS known as neptunium. 

These exiieriments were of an exploratory nature and intended 
mainly as a proof of the existence of the fission phenomenon. Once it 
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had been definitely established that uranium did break up, workers 
settled down to a systematic study of the reasons for and the results 
of such a process. The discovery of fission cleared up the difficulties 
encountered earlier in explaining the experimental results. No longer 
was it necessary to assume (n, a) or (n, 2a) reactions for such heavy 
elements, the formation of with triple isomery, or the formation 

of long series of transuranic elements. Fission, however, did raise a 
multitude of new problems. What isotope or isotopes of uranium were 
responsible? Did other elements behave similarly? Did the uranium 
nucleus always break into just two fragments? If so, were they of 
equal size and charge? Were neutrons released in the process of fis- 
sion? If so, why was the action not cumulative, i.e., a new neutron 
causing another fission, and so on, yielding a chain reaction? Could 
bombarding particles other than neutrons induce fission? All these 
points will be considered later in this chapter. The most basic question 
that puzzled scientists, however, was the mechanism whereby a mod- 
erate activation of the nucleus could have such startling consequences. 
The masses of various nuclei show that all massive elements might 
be broken into lighter fragments with a release of energy. Why, then, 
arc the heavy elements stable in the first place? 


Liquid drop theory of fission 

Long before the discovery of fission, different physicists had pro- 
posed a liquid drop theory of nuclei. This model proved to be a nat- 
ural one for explaining the fission process. According to this theory an 
atomic nucleus can be likened to a liquid drop, having charge Ze dis- 
tributed uniformly throughout its volume. Tlic short-range nuclear 
forces overcome the coulomb repulsion present and cause the droplet 
to assume a spherical shape as its most stable configuration. These 
nuclear forc(*s correspond to the cohesive forces acting within a liquid. 
The total effective energy in a nuclear drop can be represented by 

^''^fot^l energy' = — Ec 


where A',, represents the energy due to the nuclear attractive forces, 
and Ec is tlie energy occasioned by the electrostatic repulsion. If the 
total energy is negative, the drop is stable and the absolute value is 
referrctl to as the biiuling energy. The energy of cohesion En can be 
broken into two terms: 
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being a so-called volume energy, and Eg a surjace energy. E^ is 
taken as proportional to the total number of particles present in agree- 
ment with the saturation character of nuclear forces. Clearly this 
term alone gives an incomplete description of the situation since the 
particles near the surface, unlike those within the drop, are not at- 
tracted equally on all sides. For this reason the quantity Eg must be 
subtracted to yield a net value in accord with reality. 

The total energy thus assumes the form 


Ef — Ev Eg -f- Ec 

The question now arises as to what would happen if the nuclear drop 
were in some way displaced from its spherical shape. 

Bohr and heeler, among others, considered this question in some 
detail. First they examined the effect of a very small deformation on 
the spherical droplet. They agree that to a first approximation E, 
remains unchanged. The electrostatic energy will decrease, but this 
will be opposed by an enhancement in Eg due to the increased surface. 
The net change in potential energy is found to be proportional to: 

iH '- » »“ 7 ) 

where E, is the surface energy of the undisturbed drop, Z is the atomic 
number, and A is the mass number. 

As long as the quantity within parentheses is positive the result 
will be an increase in total energy (decrease in binding energy). This 
implies that once the distorting force is removed the droplet will re- 
turn to its original shape. But obviously, for a nucleus having Z^/A > 
45.4, this restoring tendency is not present, and under the slightest 
deformation the nucleus will proceed to divide. By an approach in- 
volving the experimental fission threshold for neutron) 

Bohr and Wheeler deduced a more accurate value for Z^/A to be 47 8 
Now ZVA for uranium is around 36.0 whicH is,^ell below the limit’ 
This tells us that a uranium nucleus, and hence alTIower nuclei, should 
be stable against very small deformations. 

But what is the situation if we consider the possibility of relatively 
large deformations? An analysis of the problem reveals that, although 
at first the surface energy of the drop increases more rapidly than the 
electrostatic energy decreases, this situation becomes reversed as the 
drop assumes more and more an ellipsoidal shape. In fact beyond a 
certain deformation the total energy actually begins to decline. The 
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point at which the total energy reaches a maximum and starts to de- 
crease is of extreme importance, since a nucleus once subjected to this 
deformation will then proceed to fission without further assistance. 
The actual behavior is as pictured in Fig. 4. The mass of U-®® is 
smaller by 1.913 mass units than that of 92 protons + 144 neutrons. 



Fia. 4. A plot illustrating the stages through which a nucleus progresses 

in the act of fission. Though stable against small <ieforniation. the nucleus once 
taken to the critical point A will proceed to divide without further assistance. 
Activation energy Ef (5.2 Mev) must be supplied to produce this critical de- 
formation. The resulting fragments will possess much less total potential energy 
than the original nucleus. This ditTerence, amounting to around 170 Mev, 

goes mainly info kinetic motion of the fragments themselves. In returning to 
a stable condition by decay each fi.ssion pair eventually releases another 20 

Mev, making a total of some 190 Mev for the complete energy release. 


Tints we say it has a total energy of —1735 Mev or a binding energy 
of 1735 Mev. The nucletis is in a stable configuration as long as the 
energy of deformation remains less than Ef. But once this value is 
ecpialed or surpassed the nucleus rides over the potential barrier and 
coasts clown the other side, splitting into two fission fragments. The 
binding energie.s of the prculuet nuclei on the average will total about 
1905 Mev. giving an energy release A/i of roughly 170 Mev for the 
primary fission i)roeess {K.E. of fragments. 160 ^lev; K.E, of 2 sec- 
ondary neutrons, 5 Mev; y radiation, 5 Mev). 
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If the theory is to yield quantitative information there is obviously 
the need for a method of evaluating the activation energy Ef for vari- 
ous nuclei. Because of the matliematical complexities in dealing with 
large deformations of a sphere, a general solution of this problem is 
practically impossible. However, the problem becomes relatively 
simple in two special cases (1) for Z'^/A near limiting, and (2) 



for Z^/A near 0, i.e., practically no charge on the sphere. Bohr and 
Wheeler determined Ef versus Z^/A for Z‘^/A near zero and also for 
45.4 < Z-/A < 47.8. They extended these plots so that they met to 
give a smooth fit, thus establishing the curve over the region inac- 
cessible to easy calculation. Figure 5 shows a section of the Bohr- 
Wheeler curve covering the region of greatest interest. The curve has 

fitted to agree with the experimental value of Ef for 
U-30* (U238 + neutron). By means of the curve it is possible to esti- 
mate Ef ior other heavy nuclei. Let us now compare some of these 
values with experiment. 

As we have seen, fission is normally induced through the addition of 
a neutron to a suitable nucleus. This supplies an amount of energy 
equal to the binding energy of a neutron in the (compound) nucleus 
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plus the kinetic energy of the incoming neutron. For thermal neutrons 
the latter term may he neglected. In general, various modes will com- 
pete for the excitation energy /i„ ac(|uired by the compound nucleus. 
This energy may (1) he reconcentrated on a single neutron; (2) be 
radiated away as a photon: or (3) go into energy of deformation. 
Processes (1) and (2) will result in neutron and gamma-ray emission, 
respectively. If > Ef, j)rocess (3) can give rise to fission. 

Now it is a fact that the energy of binding for a neutron in any 
lieavy nucleus has a value close to 5.4 ]\Iev (odd number of neutrons 
in nucleus) or 6.4 Mev (even number of neutrons in nucleus). 

^^’ith this criterion and tlic Bohr-W’hcelcr ])lot, the following table 
has been comj)iled to comjiare the excitation energy F,, supplied to a 
nucleus by capture of a thermal neutron with Ef for the same nucleus. 
W henever > Ef, thermal neutron fission may be ]>redictcd. This 
table lists most of the isotopes near the heavy end of the periodic table 
(both natural and artificial) which are readily obtainable in macro- 
scopic amounts. 

It is gratifying to note that except for Np-'*^ the theoretical predic- 
tion is borne out. However, to put things in proper perspective it must 
he noted that for certain other artificially produced nuclei the theory 
disagrees with experiment. 

In an cfl'ort to improve matters. Present. Reines, and Knipp ac- 
tually calculatetl the Ef versus Z- .4 curve down to Z-/A = 38.3. 
Metropolis and Frankel, using the lONIAC telectronic numerical inte- 
grator and calculator), extended the curve to Z~/A = 31.1, well beyond 
the region of greatest interest. These refined calculations bring some 
of the anomalies into line, but certain others persist. Nevertheless it 
must l)e admitted that the nuclear drop theory has gone far in explain- 
ing the process of fission. 

One fact that has so far resisted explanation is the asymmetry of 
fission. Everything points to the fact that the maximum \E in binan*' 
fission siiould occur for a division into two equal fragments. Since 
physical systems endeavor to attain a state of minimum potential 
energy, one might argue, a priori, that this mode of splitting would be 
most probable. In support of this hyjiothesis the <lrop theory pre- 
dicts that Ef will be smallest for a symmetrical deformation of the 
nucleus. Yet we will see presently that in the most common mode of 
division the fragment masses stand in a ratio of ^2:3, an even split 
l)eing realized but rarely. However, this may not actually represent 
a failure ol the nucU'ar drop theory since it gives no clue as to what 
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TABLE 1 


• 



Number 








OP Neu- 
trons IN 

Compound 



Fissionability 

Target 


Compound 

Ea 

Ef 

(Mev) 

WITH kT N 

eutrons 

Nucleus 

Origin 

Nucleus 

Nucleus 

(Mev) 

Predicted 

Found 

U233 

1 

^234 

142 

6.4 

4.6 

Yes 

Yes 

U235 

Occurs in 

U236 

144 

6.4 

5.25 

Yes 

Yes 


nature 







^238 * 

Occurs in 

U239 

147 

5.4 

5.9 

No 

No 


nature 







Th232 

Occurs in 

Th233 

143 

5.4 

6.9 

No 

No 


nature 







Pa23i 

Occurs in 

Pa232 

141 

5.4 

5.4 

No 

No 


nature 







Np237 

2 

Np238 

145 

5.4 

4.6 

Yes 

No 

pu239 

3 

Pu240 

146 

6.4 

4.0 

Yes 

Yes 

* Bohr-Wheeler curve fitted at this point. 





1. If a 

mass of thorium is placed in a chain-reacting 

pile, the following sequence of 

reactipns will occur 

to produce in considerable quantities: 





(a) Th^^^ + n* (slow) 

_ Th233 + y 




23.5 rnin 

(6) Th233 > Pa233 _j_ e- 

27.4 day 

(c) Pa233 { U233 -I- e- 

The can then be separated from the Th mass by ordinary chemical processes. 

2. In a natural uranium pile there will be a considerable flux of fast neutrons. 
Some of these will produce Np“^ by the following sequence of reactions. 

(а) U238 + n' (fast) ^ + 2n' 

6*9 day 

(б) U237 ^ J^p237 g- 

It has been stated that the Hanford piles produce 0.1 per cent as much as 

Pu239 

3. The Hanford piles were built for the purpose of producing this isotope by the 
following reactions. 

(a) U238 + n' (slow) + y 

23 min 

( b ) U23® > Np239 + e- 

_ ^ 2.3 day 

(c) Np23® > Pu239 + e- 
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will ha])pcn beyond the critical point. Perhaps the deformation is 
symmetrical up to the critical point, and then as the necking down 
proceeds asymmetry develops prior to the actual division. Recently 
Frenkel has attemptcfl an explanation on the basis of barrier penetra- 
tion. This may be a potent argument in the case of spontaneous fis- 
sion, but for induced fission the excitation energy raises the nucleus 
above the barrier and hence penetration appears unnecessary. Evi- 
dence has accumulated which indicates tliat closed shells of neutrons 
and protons occur in certain nuclei, making them particularly stable. 
Mayer suggests that closed sliells of 50 and S2 neutrons may be em- 
ployed to explain asymmetric fission, the most probable division of 
the compound nucleus being such tiuit one fragment contains at least 
50 neutrons, the other at least 82. Whatever may be the correct cx- 
])lanation it seems evident that this phenomenon of unequal division 
deserves further attention. 

Our discussion of the fission mechanism has already answered some 
of the (luestions raised earlier. The following summary of the ex- 
haustive experimental work on the fission process will cover the re- 
mainder in some detail. 

Before the blackout on publication of fission research occasioned 
by World W'ar II, the fcdlowing facts were common knowledge all over 
the world. 


1. Isotope making up 0.7 per cent of ordinary uranium, is en- 
tirely responsible for the thermal neutron fission in uranium. 

was estimated as «5500 barns. With increasing neutron energ^^ a/ was 
found to decrease as l/r,„ 'Utron* 

2. Xeutrons with energy >l Mev produce fission in U“'*^ with 

= 0.5 barn for neutrons of 2.4 Mev. atoms capture 

neutrons with energy <l Mev to become sedate atoms. (The 
ultimate fate of 11“*® was unknown before World War II.) There is a 
strong resonance ~ 1200 barns] for this capture process at 

/iliH-mron = 5 — 25 electron volts. 

8. Th*‘** and were also found to be fissionable, but only with 

fast neutrons. None of the lower elements gave positive results even 
wh(*n irradiated with neutrons so energetic that Ea was well in excess 
of the Bohr-Wheeler Ef. [However, with the very energetic neutrons 
(84 M(‘v) from the IS 1-inch California frequency-modulated cyclotron 
it has be(‘n found possible to induce fission in elements as low as tan- 
talum (78), and with energetic protons even copper seems to fission.] 

4. Fission could also be produced in 11 and Th by high-energj’' alpha 
particles, deuterons, protons, and gamma ravs. 
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5. The fission process often occurs within 5 X 10“^^ second after 
neutron capture. 

6 . Secondary neutrons were indeed found to be released as a by- 
product of the fission process. The majority of determinations gave 
values for v (number of secondarj'- neutrons per fission) ranging between 
2 and 3. 

7. It was found that 99 per cent of the secondary neutrons are emitted 
within 0.001 second after capture of the primary neutron. The remain- 
ing 1 per cent are given out with several definite half-lives, ranging from 
0.1 second to 45 seconds (postwar limits, 0.05 second to 55 seconds). 
It was almost certain that these delayed neutrons do not arise from the 
primary fission process but are emitted by a fission fragment somewhere 
along its beta-decay chain. However, none of the responsible bodies 
had been identified prior to World War II. It will be seen in the next 
chapter that these delayed neutrons, though relatively small in number, 
play a very important role in the control of thermal piles. 

8 . There were known to be many possible fission modes. Practically 
every element between 3480 and syLa was represented in the fission 
products. Essentially the same bodies are found for (a) slow neutron 
fission of U, ( 6 ) fast neutron (> 1 Mev) fission of U, and (c) fast neutron 
fission of Th, thus emphasizing the statistical nature of the process. 

9. Fission normally results in asymmetric division. The fragments 

fall into a light and a heavy group. The general characteristics of both 
groups are listed below. These data are for the compound nucleus 
(j236*^ but the picture would be almost identical for or Th^^^*. 


TABLE 2 


Spread in kinetic energy 
Average kinetic energy 
Ma.ximum range 
Most probable A * 


Light Group 

75-115 Mev 
95 Mev 
2.2 cm air 
91 


Heavy Group 

40-80 Mev 
60 Mev 
1.5 cm air 
143 


This assumes two prompt neutrons per fission and the conservation of momen- 
tum. The latter condition requires that ElAl = EhAh- 


10. It had been found by Flerov and Petrjak that uranium fissions 
spontaneously but at a very slow rate. Their value of the half-life 
for this process is 10 ^^ years. 

It should be emphasized at the outset that, with the exception of the 
fissioning of elements below thorium by energetic particles, nothing has 
been published since World War II which would tend to nullify any 
point in the previous summary. Certain numerical values have been 
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modified slightly in the light of more precise studies, and progress has 
been made in extending our general knowledge of this phenomenon. The 
following summarizes our present knowledge of the fission process. 

neutron emitters 

case of fisvsion the delayed neutrons have now been found 
to fall into six groups. These groups have the following half-lives: 
55 seconds. 22 seconds, 4.5 seconds, 1.6 seconds, 0.4 second, and 0.05 
second. The 55-second activity has been assigned to Xe^^^ and the 
22-second activity to Kr^^. The 4.5-second activity is also due to 
a Kr isotope, but the mass value is not known. The others are as 
yet unassigned. In explaining the phenomenon for the 55-second 
period one supposes that when decays to Xe^^^ by emission of a 
beta ray, the Xe*'*' nucleus is left in a state with excitation greater 
than that corresponding to the binding energy of a neutron. Hence a 
neutron is immediately ejected, leaving Xe*^*’. The has a 55-second 
period, which of course will also be the apparent neutron period. A 
similar argument holds for Kr^^, Br^' being the mother atom. Delayed 
neutrons account for 0.76 per cent of the secondary neutrons from 
fission. 




In the 


Energy distribution of fission fragments 

(’onsiderable work was done on this prt)blem during World War II 

l)oth in this countrv and in Gerinanv. The res\ilts of Fowler and 

♦ « 

Uosen arc typical of those obtained. They used an ionization cham- 
ber inside whicli was mounted a 10-mil platinum foil plated with an 
extremely thin cttating of 94 per cent The ionization pulses were 

recorded on a ten-channel discriminator, each channel having such a 
width as to accept pulses over a range of O.S Mev. It was possible to 
shitt the bias of all the channels by the same amount so that the entire 
energy spectrum could be covered, nine jHtints at a time. Figure 6 
shows the results obtained for both slow (thormall and fast (10''* to 10® 
volts! lunitrons. Four main conclusions may be drawn from these 
j>Iots, most of which merely refine prewar knowledge of the fission 
process: (1 ) 1 lie most likely fission mode is asymmetrical in character. 
(2 1 1 he energy di>tribution of the fission ju'oducts is practically iden- 
ticiil for both slow and fast incitlent neutrims. (3) The most probable 
kinetic energy of the two fragments per fission is about 155 Mev. 
!4) 1 he tact that the heavy particle group (low energy) embraces a 
wider spread in energy provides convincing proof for the statement 
that at least up to a point the energy release is greater, the more svm- 
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metrical the splitting. This follows directly if one assumes that mo 
mentum is conserved in the fission process. 



Distribution of mass in fission products 

By means of a double ionization chamber whereby the energy of 
each fragment for a single fission event is measured, one can. assum- 
ing niomentum conservation, arrive at a curve describing the mass 
distribution m fission. However, this information may be obtained 
moie accurately, albeit with much more labor, by chemical methods. 

he procedure here is to take a mass of uranium which has been ex- 
posed to neutrons and separate the maze of activities into the com- 
ponent elements. By comparing the decay characteristics with known 
activities belonging to each particular element, one is usually able to 

ve^v^^“fT" T'' The mass spectrometer can also be 

Ithe i f « connection. Figure 7 presents the fission yield 

(the percentage of fissions leading to a particular mass being formed) 

versus the mass number for U“«« (compound nucleus) fission The 
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inos^t interesting feature of tliis plot is the evidence for a slight amount 
of syinmetrical division, i.o., for masses around 117. Energy measure- 
ments on the fission pairs failed to indicate this. Since masses in tliis 
range apparently are formed but once in every 1500 fissions it is not 



Muss number 


Fif!. 7. of fission product chains ns a function of mass, published 

by llic Plutonium Project. This curve was cslahli.slu'd tliroimli c.xliaustive 
studies on fission products separated by cliomical methods into their component 

activities. 


surprising that this phenomenon cseaped detection by the ionization 
chamber tcchnupic. With the chemical metiiod it is possible to detect 
masses formed as rarely as once every 10^ fissions. 

Distribution of charge in fission 

1 he chemical nature and iieiicc atomic numher of most fission prod- 
ucts has been thoroughly explored. However, in the vast majority of 
eases this tells us nothing of the initial charge on the fission fragment, 
since tlie latter changes atomic number several times as it progresses 
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do\\n a decay chain toward stability. The fragments are highly ex- 
cited initially, and as a consequence short half-lives will ordinarily be 
associated with the first beta decays. This emphasizes the difficulty 
of securing information on the initial charge distribution. 

Four theories have been advanced to explain charge division in 
fission. 

1. The simplest hypothesis is to assume that the charge divides in 
direct proportion to the fragment masses, i.e., the charge to mass ratio 
before and after fission is the same. 

2. Present has calculated the expected charge distribution on the 

assumption that in nuclei one expects to find a greater density of 

protons near the surface than in the interior, owing to their mutual 

electrostatic repulsion. This assumption leads to the conclusion that 

the snialler fragment will possess a greater charge than if hypothesis 
1 IS adopted. 

3. Wigner and Way have proposed that the charge distribution at 
the moment of fission will be such that the total potential energy of 

the two fragments (electrostatic repulsion plus the subsequent avail- 
able beta-decay energy) shall be a minimum. 

4. Coryell et al. postulate on purely empirical grounds that the fis- 
sioning nucleus divides its charge so that the length of the subsequent 
beta-decay Cham shall be roughly the same for all species. 

° r among these possibilities, but 

some light has been thrown on the matter by a consideration of the 

fission yield of shielded isotopes. These are fission bodies possessing a 

^ equal mass. 3 ,Br«= 

IS a shielded isotope since aiSe*^ is stable. Obviously a measurement 

on the activity of Br^^ formed in fission will give the true fission yield 

Rb«”ai’d'r 7 other fragment of mass 82 can decay into Br«^ 

Rb and Cs are also in this category. The fission 

these three isotopes are known, and careful consideration of the data 

Zt , 1 or 4 although the information is too 

meager to permit a clear-cut decision. 

Ternary and quaternary fission 

Referring again to the packing fraction curve, it is seen that division 
f a uranium nucleus into three equal parts would actually yield a 

agments is likewise exoergic (meaning it can occur with release of 
energy) but less so than for two- or three-particle fission. Calcula- 
lons indicate that E, for ternary fission is not greatly different from 
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that of binary division. Altliough fission into three approximately 
ofnial fragments seems to occur hut once in every 150.000 splittings, 
several workers Imve found that about one out of every 250 fis- 
sions is accompanied hy an energetic alpha particle. For fission 

the occurrence of an alpha is about half this frequent. Wollan and 
co-workers find tliat most of the alphas arc emitted at right angles 
to the main fission fragment jiaths. This indicates that the alpha is 
released from the necked-down part of the dividing nucleus as a part 
of tiie primary process. Some evidence has been found for quaternary 
fission occurring about once out of every 3300 fission events. 

Range of fission fragments 

Figure 8 depicts tiie range in centimeters of air equivalent for the 
fragments from Pu-'’” fission as a function of mass. These data were 



Img. 8. Exirapoinfi'd raiigr (jf Pir*® fission fragments (centimeters of air) as a 
function of mass number. Thest' data were obtained by a elever multiple foil tech- 
ni(pi(* (see text). One can combine these tJata with otlier information on the total 
energy release from Pu fission to confirm Uohr’s prediction that R cc 
R = range of fission fragnu'nt of mass .1/ having ciu*rg\’ E. The data arc due to 

KatcofF, Miskel, and Stanlev. 


olitained by Katcofi and co-workers by identifying and counting the 
activity of fissiiui Irngments caught on a series of Zapon films placed 
jH'ogrcssive distances away from a thin Pu layer bombarded with 
neutrons. Kateofi intiuprets the humps in the curve at .1 «« 107 and 
128 as in<lic:iting that tiie greatest energy release occurs for a splitting 
into fiagmonts lia\ ing a mass ratio near 1.2. It might be noted that 
owing to their highly ionized nature fission fragments interact with 
matter tlirough which tlu'y fiass in a manner quite different from that 
exhibited by jirotons or al|>lia particles. 
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Origin of prompt fission neutrons 

By a measurement of neutron coincidences about a fission source 
as a function of the angle between two neutron counters it has been 
sliown that on the assumption of two neutrons per fission the likeli- 
hood is greater that eacli fragment contributes one neutron than that 
both should arise from the same fragment. 



Fig. 9. Relative yield curve obtained by O’Conner and Scaborg for products 
Irom 380-Mev helium ion bombardment of uranium. Contrast this curve with 

Fig. 7. 

Fission induced by extremely energetic particles 

Once the 184-inch California frequency-modulated cyclotron had 
been put in operation some very striking results were obtained con- 
cerning fission induced by energetic particles. These studies employed 
380-lVIev alpha particles, 190-Alev deuterons, and 84-Mev neutrons. 
Figure 9 plots the activities detected in a mass of ordinary uranium 
after bombardment with 380-Mev alphas. This curve, in sharp con- 
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trast to Fig. 7, t^liows but a single fission peak and a continuous yield 
of radioactive products for tlic entire range of elements from Np down 
to Z ^ 25. It is tbouglit that the products from A =« 239 down to 
A ^ F'SO are produced by spallation (a splintering off of small nuclear 
Iragments), whereas tliose below 180 are true fission products. The 
single fission peak found here was not too surprising since earlier 
work had shown that as the energy of the bombarding particle in- 
creased the valley between tlie two mass peaks became more and more 
shallow. It is proposed that in the present instance the highly excited 
compound nucleus normally fissions into two ecpial fragments before 
the nuclear particles have an opportunity to rearrange themselves into 
a more energetically favorable configuration, thus^ retaining in each 
particle the neutron jiroton ratio of the parent nucleus. The fact that 
tlie peak in tlie fission curve comes at a point several mass units below 
(uie-half the original mass imidies that several (maybe a dozen) 
neutrons may be boiled off before fission occurs. A similar interpreta- 
tion has been given to the single j>eak mass curve from the fission of 
Hi under the influence of 190-Mev dcuterons or S4-Mcv neutrons. 
Interestingly enough the evaiioration of a dozen neutrons from a Bi 
nucleus leaves the residual body with a Z~ A ajiproximately c(|ual to 
that for U--*"', so according to the Bohr-Wheeler concept only a very 
moderate residual excitation is then demanded to effect fission. It is 
clear, howevei', that no practical release of energy can be achieved by 
the fission of lii and similar nuch-i since the emitted particles do not 
possess sufficient energy to produce furtlier fission in such elements. 
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Nuclear Chain Reactions 


Through the agency of artificial disintegration man has been able to 
release nuclear energy since 1919. How then docs one explain the 
lapse of twenty-three years before he put this force to work on a prac- 
tical scale? The answer is simple. Heretofore all transmutation 
processes were isolated events and the resulting products were simply 
not able to continue the process. In other words, it was not possible 
to bring about a nuclear chain reaction. 

Chain reactions are not new. Every time we strike a match we 
unconsciously initiate a chain reaction. The flaming head of the 
match raises the temperature of atoms in nearby cellulose molecules 
sufficiently high so that they react with atmospheric oxygen. Part of 
the energy released by this reaction is transferred to neighboring atoms 
m the match stick, and they in turn combine with other oxygen atoms. 
The process is repeated over and over again, and presto! the result is 

combustion. 

On paper one can suggest many nuclear reaction cycles that ought 
to follow the same pattern. For example, consider the following well- 
known pair of reactions: 

+ He^ Ne22 -j- H* -|- 1.58 Mev (1) 

F>9 -f H* ^ 4- He^ + 8.14 Mev (2) 

Protons released in the first reaction have sufficient energy to bring 
about the second reaction, and in turn regenerate fast alpha particles 
able to produce reaction 1 again. Why does this not happen in prac- 
tice? The answ'er is obvious when one recalls that the nuclear physi- 
cist normally achieves but a single transmutation for every million 
charged projectiles he hurls at a target. The other 999,999 bullets miss 
the nuclear mark and dissipate their energy by producing excitation 
and ionization in the target material. Thus the nuclear chain reaction 
IS effectively squelched by the law of probability. 

245 
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By 1030 scientists liad pretty well discounted the possibility of ever 
Iiroilucing a nuclear chain reaction on earth. Then the discoverv of 
the neutron served to revive their hopes for a spell. Here was a par- 
ticle which, being uncharged, did not interact with the electronic 
structure of an atom, nor did it need the energy to surmount a coulomh 
barrier in order to enter a nucleus. Place a neutron in a large mass 
of material and it is inevitable that combination with a nucleus will 
be effected. Given 1000 free neutrons one can practically guarantee 
1000 transmutations. Then came the discovery of („,2n) reactions 
and the chain-reacting possibilities seemed even more promising But 
investigation soon proved that these reactions were always cndoergic, 

i.e., the two outgoing neutrons invariably had less energy than the 
original neutron and lienee the former were unable to propagate the 
(n,2n I process. Again, talk of harnessing subatomic energy died 
away, fhen suddenly with the discovery in 1939 of ( 1 ) nuclear fission 
by neutrons and ( 2 ) the accompanying secondary neutrons, the idea of 
icleasmg nuclear energy on a grand scale again came to the fore This 
tune the dream was no will-o’-the-wisp, but the story leading to the 
final achievement is one of keen insight, remarkable ingenuity in- 
finite patience, and hard labor. In recounting this deyelopment the 
authors cannot hiilc a real feeling of admiration for that band of 
scientists who wrested the secret from nature, a secret so well hidden 
and protected by natural bulwarks as to make it appear that some 
siipenor force had m this manner guarded a most treasured possession 
Focusing ,mr attention on uranium we recall that both preyalent 
isotopes LP- ,99.3 per cent, and U-r. , 0.7 per cent, can be fissioned 
liy neutrons. Curyes n and b of Fig. 1 show qualitatiyely how the 
macroscopic fission cross section (AV,, for each isotope varies with 
neutron energy. We can assume that each fission event will release, 
in aildition to IGO iMev kinetic energy in the fission fragments and 
.1 -Mev gamma energy, about two secondary neutrons each having an 
c’.H’iky of roughly 2 Mev. The main problem resolves itself into 
making these neutrons bring about further fissions so that a continu- 
ing reaction can be established. Our problem would be extremely 
M.nple If fission were the only mechanism through which neutrons 
ciact vith uranium nuclei, but unfortunately this is not the case, 
lie lollowing important ])roccsses are also possible; 

1. Elast ic scattering. 

2. Inelastic scattering of fast neutrons. 

3. Radiative neutron capture by U-*'*® to give JJ^^. 
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Owing to the heavy mass of a uranium nucleus, we can ignore the 
practical effect of elastic scattering. In a general way the variations 
in cross section with energy for the other processes are displayed by 
curves c and d of Fig. 1. Considering the strong resonance cap- 
ture level at ^7 volts (there are also other less prominent resonance 
levels not shown) , it is apparent that the only hope of achieving a chain 



Fig. 1. These curves show in a very qualitative vniy how the cross sections for 
the interaction of neutrons with uranium isotopes vary with neutron energy. 
Here N refers to the number of atoms of a particular isotope per cubic centi- 
meter. a has its usual significance. Hence N<t expresses the probability tiiat a 
neutron will produce an event of the type being considered in 1 cm of path. 
This product is called “macroscopic cross section.” A logarithmic scale is em- 
ployed so that the wide spread in cross sections and neutron energies can be 

presented on a single graph. 


leaction with a mass of undiluted uranium metal centers around a 
fast neutron fission reaction on But this is clearly impossible 

inasmuch as a single inelastic scattering event always reduces the 
neutron energy to a point well below the threshold, and 

■^uo-^ineiastic IS Several times greater than Consequently far 

less than half the secondary neutrons will be able to produce fissions 
in (The same argument can be used for the case of Th^®^ j How- 
ever, there is no fission threshold for (U235 -f neutron) so this 

consideration does not apply to a mass of pure otherwise an 

atomic bomb based on would never have been possible. 

It thus becomes evident that to establish a chain reaction in ordinary 
uranium we are forced to fall back on the present. Since the 
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fission process can compete with capture only for neutrons whth 
energies l)elow 7 electron volts, we are faced with the problem of 
transforming the fast secondary neutrons into slow neutrons without 
allowing them to be gobbled up by as they pass through the 

“-electron volt resonance region. The slowing-down action can be 
brought about by introducing large quantities of a “moderator,” com- 
pri.sing atoms of low mass number whose function it is to soak up 
energy from the fission neutrons through elastic collisions, but at the 
same time not absorb any appreciable fraction of the neutrons present. 

In the province of light nuclei only H'. H=. He, Bo, C, and O have 
the recpiisite low neutron capture cross sections to qualify as good 
moderators. Carbon in the form of graphite proved to bo the most 
logical candidate for early “pile” (a name given to nuclear chain re- 


actors) work. H' and H- have been used successfully in later piles. 

simple but clever ruse can be used for getting the neutrons safely 
around the 7-electron-volt resonance trap. This entails forming the 
uranium into small lumps and placing these on lattice points '"in a 
matrix of the moderator, instead of uniformly mixing the two com- 
ponents. In this way most of the slowing takes place in a region free 
of uranium, and only those few neutrons which happen to enter a 
uranium lump with 7-electron-volt energy fall victim to the strong 
resonance level. Another way of ilisceriiiiig this effect is to recognize 
that any 7-volt neutron which enters the U lump will be absorbed in 
a thin surface layer. This thin layer thus ran be said to shield the 
remaining volume of U from resonance neutrons while allowing rela- 
tively free pa.^-sage of thermaks. Even with this trick our chain reaction 
is not guaranteed. W'c must recognize that not every slow neutron 
captured by U-'''’ must of necessity produce a fission, since there may 
he some iion-fission capture in Finally there is the question of 

neutron loss by leakage from the pile. However, leakage is a surface 
effect (for a si.here proportional to the square of the radius) whereas 
neutron luoduction is a volume iilienomenon (proportional to the cube 
of the radius). Hence relative leakage loss ran be reduced by in- 
creasing the reacting mass. In fact for any combination of fissionable 
and moderating material there will be a lower limit to the size of a 
workable unit, owing to the leakage loss. This limit has been given 
le name “critical size" and is a very important characteristic of any 
chain-reacting system. It should be noted that the critical size can 
be re, lured somewhat by surrounding the reactor with a so-called 
lellector. I he latter improves the neutron economy by scattering a 
portion of the leaking neutrons back into the reactor proper where 
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they can be used to advantage. In general the same materials which 
serve as moderators are used for reflectors. 

Although the basic requirements for a chain reaction in uranium 
were fully appreciated as early as 1941, the various nuclear constants 
were not known with sufficient accuracy to permit a prediction as to 
the chance of success. Two lines of attack appeared open to those 
interested in prosecuting this problem: 

1. A more accurate determination of the pertinent nuclear constants 
together with experiments designed to yield the optimum arrangement 
of the pile components. 

2. A direct attempt to establish a chain-reacting pile, using the best 
data available for choice and arrangement of materials. 

Although it was realized that avenue 2 promised quicker returns 
there was not sufficient uranium and graphite of high purity available 
in 1941 to permit a direct test. Consequently attention was originally 
concentrated on 1 until the production of pure pile materials allowed 
a shift in emphasis to 2 late in 1942. 

Cutting through the multitude of perplexing problems associated 
with a nuclear chain reaction, the following question, posed by Fermi 
and his collaborators, was absurdly simple. “Is it possible to produce 
an assembly of uranium and other materials such that if the arrange- 
ment were of infinite extent the addition of, say, 100 fast neutrons to 
the pile would result after one neutron generation in the presence of 
more than 100 neutrons within the pile?” If the answer were no, then 
the whole idea of a chain reaction with natural uranium could be for- 
gotten. If the answer were yes, then one could feel hopeful that the 
same thing might be accomplished in a system of finite size. To put 
things on a more formal basis the multiplication factor k was intro- 
duced into pile terminology, is defined as the number of neutrons 
present at the end of a neutron cycle in an infinite pile divided by the 
number present at the start. Hence one can rephrase the above ques- 
tion by inquiring whether k^ can be made greater than unity. 

In order to formulate an expression for fc^in terms of measurable 
quantities and at the same time get some notion of the physical 
processes involved, let us follow these 100 fast neutrons through a 
complete cycle. Once added to the pile these neutrons will move 
about rapidly, losing energy through elastic collisions with moderator 
atoms and inelastic collisions with uranium nuclei. However, before 
they fall below the fission threshold a small percentage will cause 
fission and release additional fast neutrons. Thus instead of having 
100 neutrons to slow down we will actually have lOOe, where e is a 
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number slightly greater than unity. For a typical U-graphite pile 
Fei-mi reports c = 1.03. We can safely ignore the possibility of 
straight neutron capture in this energy region by cither uranium or 
moderator. Once the neutrons fall below the fission threshold 

the slowing-down process continues uneventfully until the reso- 
nance capture regii.n (5 to 100 volts) is reached. Here it is inevitable 
that we lose some of our neutrons. Let us take account of this by 
assuming that a fraction p of the neutrons safely escape U-®® resonance 
capture ami pass on to the region of thermal energies, p is the reso- 
nance escape probability. The surviving neutrons will now diffuse 
through the pile, neither gaining nor losing energy, until finally they 
are captured, one fraction by the uranium atoms and the remainder 
by the moderator and various auxiliary materials which may be pres- 
ent. Let / represent the fraction captured by uranium, /‘is termed 
the thermal utilization factor. We now define a quantity rj as the 
number of secondary neutrons (fasti produced as a result of thermal 
fission for each thermal neutron absorbed by the uranium. Note care- 
fully the distinction between rj and The latter represents the 
number of secondary neutrons per fission, but since not every thermal 

neutron absorbed by uranium causes fission rj will always be less 
than 1 '. 

Coiiibininf; tlio above factors, we find that our original 100 fast 

neutrons result in the generation of lOOy.pf new neutrons, and conse- 
fpiently: 

lOOijep/" 

= v^pf 

Tins ef.uation has been titled the four-factor formula and at least in 

l>nnci|.le permits one to calculate for any proposed pile. These 

qtumtities can be evaluated in a reasonably straightforward manner 

lor a homogeneous mixture of uranium and moderator. However, the 

prolilem becomes quite difiicult when the pile contains uranium in the 

oim of lumps. Even so the theoretical group at the Metallurgical 

Laboratory under Wigner di<l some outstanding work during the war 
in this connection. 

Fermi and Ins associates on the other hand utilized a direct experi- 
mental approach in their quest of A The method employed 'made 
ingenious use of what is called an exponential pile.* Essentiallv their 
inoeeilure enabled them to infer from measurements on a relatively 

*Tho Gormans al.so followo.l the same gonond approach, and in their hands 
tl.eso mots wore known as nontron-injeotod piles. 
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small pile-like structure what the multii)lication factor would be for 
an infinitely large lattice of the same type. 

The first pile of this kind consisted of a grapliite cube about 8 feet 
on an edge and contained some 7 tons of uranium oxide in iron con- 
tainers. distributed at equal intervals throughout the graphite. It was 
realized that this unit was too small to be chain reacting. However, a 
Ra-Be neutron source placed at tlie bottom of the pile established an 
equilibrium neutron density throughout tlie lattice structure, and this 
density was measured along tiie vertical axis of the pile. It was de- 
termined that the neutron density for such an arrangement decreased 
exponentially with increasing distance from the neutron source. 
Furthermore from such rates of decrease it was possible to calculate 
for an infinitely large pile of the same lattice projK)rtions. Tlie 
value of deduced in this fashion for the first exponential j)ile is not 
available, but a second pile constructed along tbe same lines gave 0.87. 
This was not too discouraging since both the U;tOs and graphite used 
were commercial products, known to contain definite impurities. The 
UijOs was the worst offender, containing 2 to 5 per cent impurities. 
The supplier was able to reduce this figure to below 1 per cent, and k 
quickly rose to 0.98. By ether extraction of uranyl nitrate it was found 
that practically all impurities could be removed in a single step. The 
purified nitrate was then converted to UO^. This oxide brought great 
joy to the Plutonium Project scientists because its use in an expo- 
nential pile for the first time yielded a k^ greater than 1. The actual 
value, obtained in July 1942, was 1.007. By this time the inoblcm of 
quantity production of uranium metal had been solved. The U metal- 
graphite combination gave an even higher value of (1.07). It is true 
that k for an actual pile will always be less than k” owing to leakage 
losses. However, once the pile is well above critical size and is 
surrounded by a reflector, k differs very little from k^. No longer did 
anyone doubt the feasibility of a nuclear chain reacrion. The actual 

operation of the first pile some months later was satisfying but not 
unexpected. 

First Chicago pile 

Because of its historic importance a brief description of the first 
pile seems in order. It was assembled on the floor of a squash court 
under the est Stands of Stagg Field at the University of Chicago. 
The pile contained some 6 tons of U metal consisting of lumps spaced 
on a cubic lattice and imbedded in graphite. Since there was insuffi- 
cient metal to accommodate every lattice point, pressed oxide lumps 
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were also employed. The overall structure liad the shape of an oblate 
sj)heroid. Cd strips fitted into slots which ran through the pile. These 
strips served as control rods. In fact pusliing any one of the Cd strips 
to the full “retard” position would keep k well below 1 . BF 3 neutron 
counters whose output registered on pen recorders were placed in and 
around the pile to signal the approach to the critical condition. On 
December 2 , 1942. the pile was first put into operation by removing 
ail but one of the Cd stri[)s and then carefully withdrawing the last 
strip in small steps, always jiausing between steps to observe the 
cliange in neutron level as indicated on the recorder charts. At first 
sight taking a pile to the critical condition might seem t(t he a ticklish 
operation. However, the following argument will prove that such is 
not the case if certain simple precautions are observed. 

It can be shown that with a change in the effective k of a pile the 
thermal neutron density n varies with time t in the following manner: 


n = fioc 


(fi i)t 


wlioie ri„ is the density of tliermal neutrons before the change, and / 
represents tlio mean lifetime of a neutron in the pile. Now p (the re- 
activity) simply represents the not increase tif positive) or decrease 
I if negative) in the numher of neutrons produced in the jiile per 
neutron absorbed, i.e., the amount by which the efTcctive k of the pile 
dificrs from 1 . As long as p is definitely negative (control rod at 
"retard”) the pile is subcritical and nothing exciting wilt happen. 
However, as we continue to withdraw the control rod or strip, p be- 
comes less and less negative and finally a stage will be reached when 
P suddcidy changes sign. t\ ith the control rod accidentally pulled out 
well beyond the critical point, p might easily assume a value as high 
as -ft). 005. Since the lifetime of a thermal-pile neutron is ==0.001 
second, this would result in an «= 22 , 000 -fold increase in 

the neutron density within 2 seconds. Inasmuch as «„ near the 
critical |>oint is considerable, such a result would be catastrophic. 
Hairpily the above representation is not correct, for which we must 
thank the small number of delayed neutrons attending the fission 
lUdcess. Though amounting to but 0.76 per cent of the total, these 
neutrons are ilclaycd on the average by about 10 seconds. This in- 
creases the true mean lifetime of a fission neutron to about 0.1 seconds. 
Me can now tolerate a p of -fO.OOo, since the neutron density after 2 
seconds will be only e-' *,r., ,iu ^ ^ emphasized that 

(his analysis breaks down if we iiermit a reactivity change so great 
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(p > +0.0076) that the pile is supercritical on prompt neutrons alone. 

So effective were the delayed neutrons in the first pile that with the 
Cd strip 1 cm out from the critical position 4 hours were required for 
the neutron intensity to double. Thus, in the light of experience, 
placing a natural uranium thermal pile in operation is indeed a prosaic 
chore. 

The first Chicago pile was definitely of the Model T variety. It 
boasted no adequate shield, no means for dissipating the heat released 
within the uranium lumps, and only rudimentary controls. However, 
it did prove that a nuclear chain reaction could be achieved and pro- 
vided valuable knowledge on which to base the design and operation 
of the Clinton pile. 

Clinton pile 

This pile was built in 1943 for the explicit purpose of manu- 
facturing a few grams of Pu^^®, which were badly needed to test 
the proposed chemical separation process. The pile consists of a large 
graphite cube honeycombed by horizontal channels filled with uranium. 
The uranium is in the form of short metal cylinders contained in gas- 
tight casings of aluminum. These “slugs" may be slid into the chan- 
nels, leaving space for cooling air to flow past. They may be pushed 
out the back of the pile when ready for processing and be replaced by 
fresh slugs. The pile is surrounded by a heavy concrete shield. 
Neutron intensity in the pile is measured by BF 3 ionization chambers 
and controlled by boron steel rods that can be moved in and out of 
the reactor by a servomechanism. This pile was designed to operate 
at a power level of 1000 kilowatts * but a better fan system and other 
improvements allowed the level to be raised considerably. Here it 
might be pointed out that theoretically a pile can operate at any power 
level desired. In actual operation the maximum permissible pile tem- 
perature, and thus the rate at which heat can be removed from the 
system, normally sets a practical upper limit. For any constant power 
level the effective k (fceff) is always 1. Ignoring second-order effects, 
a change from one power level to a higher one is accomplished as 
follows: First the control rod is retracted slightly. This makes keu > 
1 and so the neutron density, and hence the power level, increases ex- 
ponentially as described previously. Once the new level is reached the 

* Each fission event releases K.E. 200 Mev, — 3.2 X 10~^ erg = 3.2 X 
kilowatt-second. Hence the power level of pile in kilowatts = (3.2 X 10“*“*) X 
(Number of fissions per second in pile). 
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control rod is returned to its original position and the pile stabilizes 
at the new value, /.Vff returning to unity 

Hanford piles 

These piles, three in number, were built to produce Pu-^°. Conse- 
<iuently it was necessary that they operate at the highest possible 
power level. This was accomplished (1) by increasing their size over 
that of the Clinton pile, and (2) by adopting water cooling. Water 
cooling is much more effective than air cooling in removing heat from 
the reactor, although it does raise serious piping and corrosion prob- 
lems. These were satisfactorily solved, and by the summer of 1945 
the Hanford piles were operating at the designed power, producing 
Fu-^”, and heating the Columbia River. 

As the chain reaction proceeds, the U-*'*'"* in the pile becomes depleted. 
However, the concentration of Pu-^” in the slugs increases. Because 
this isotope is also thermally fissionable its presence tends to counter- 
balance the decrease of as far as maintaining the chain reaction 
is concerned. But the concentration of fission products also increases 
with time, and these can “poison” the pile by neutron capture. The 
original Smyth report reveals that in spite of a great deal of prelim- 
inary study on fission products an unforeseen poisoning effect of this 
kind very nearly prevented operation of the Hanford piles. 

Piles moderated with heavy water 

If the laws of simple mechanics arc applied to the elastic collisions 
of neutrons with moderator atoms, the conclusion is that the neutron 
loses a constant Iraction t)l its energy per collision. This suggests the 
introduction id a term defined as the average loss in the logarithm 
oi the energy in one collision. In other words 


^ 

^ = In Eo - In E = \xi — 

E 


where refers to the neutron energ 
energy after collision. The utilitv of 
independent of tiie neutron enerev. 
the following e.xpression for 


y before collisitin, and E is the 
^ arises from the fact that it is 
v:>imple considerations lead to 
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where 



A being the mass number of the moderating 


material. If we know the value of | for a moderator we can readily 
calculate the average number of collisions N a neutron must make in 
slowing from fission energy (2 Mev) to thermal energy (0.025 volt). 
This will be just the total loss in logarithm of energy divided by 
i.e., 

^ _ In (2 X 10®) - In (0.025) _ 18 

^ ” T 

Table 1 records these quantities for several potential moderators, to- 
gether with figures for the absorption cross section (o-ath) for thermal 
neutrons. 

TABLE 1 


Moderator 

A 

£ 


<^ath (barns) 

Hydrogen 

1 

1.000 

18 

0.30 

Deuterium 

2 

0.725 

25 

0.0006 

Beryllium 

9 

0.209 

86 

0.009 

Carbon 

12 

0.158 

114 

0.005 

Oxygen 

16 

0.120 

150 

0.0016 


It is apparent from Table 1 that graphite is not the ideal moderator. 
Its choice for the early pile work was dictated by its availability and 
low neutron capture cross section. The latter consideration prevents 
the use of ordinary hydrogen (water) as a moderator in natural ura- 
nium piles. Heavy water (D 2 O) on the other hand seems a logical 
candidate on both counts and to date two piles have been built em- 
ploying this moderator.* 

The first was constructed at the Argonne Laboratory (Chicago) in 
1944 and, owing to the efficient moderator, is of very small size. Its 
rated power level is 300 kilowatts, and the thermal neutron flux in the 
center is 10^^ neutrons/cm^ second. The general characteristics of this 
pile differ somewhat from those of comparable graphite piles. It shows 

*On the basis of some incomplete experiments the Germans decided in 1941 
that a chain reaction could not be established in natural uranium with graphite 
as moderator. Therefore they turned their attention to large-scale production 
of D 2 O as the only feasible means of obtaining a moderator for a pile. This 
proved to be a herculean task and delayed the German atomic energy project 
by at least three years. Except for this, German scientists would almost cer- 
tainly have achieved a successful nuclear chain reaction. 



256 


NUCLEAR CHAIN REACTIONS 


sudden fluctuations (< 1 per cent) in power level due to the formation 
of bubbles in the water. This serves to point up a factor which must 
always be given due consideration in the clioice of pile materials; 
namely, the possible damaging effect on such by the intense radiations 
])rescnt. This pile cannot be shut down so completely nor so rapidly 
as a graphite pile because of photoneutrons produced in the heavy 
water by delayed gamma rays. 

The other heavy water pile was built by the Canadians at Chalk 
River, Ontario, and is considerably larger than the Argonne unit. 


Clinton power pile 

There has been much speculation regarding the use of chain-reacting 
piles for commercial power procluction. Although existing piles pro- 
duce vast quantities of heat, this energy is liberated at such a low 
temperature {<150° C) that it cannot be used efficiently in heat en- 
gines. Since the thermodynamic efficiency of a heat engine is (T* — 
1\)/Th (Ta being the absolute temperature of the working fluid as it 
enters the system, and the exhaust temperature) it is imperative 
that the pile release its energy at the highest feasible temperature level. 
A pile is virtually unlimited in the temperature it can produce, as 
witness the stellar temperatures developed in the atomic bomb. How- 
ever, the melting points of structural materials set a usable upper limit 
of a few thousand degrees for 

At the present time it is not easy to predict just when the first pile 
for the production of useful power will go into action. It is not far 
from the truth to say that the jump to a high-temperature power pile 
today represents as great a step into the unknown as did the construc- 
tion of the first Chicago i)ile in 1942. However, in several nations the 
problem is being prosecuted with vigor, and it seems safe to say that 
nuclear power will become a reality within the next decade. We pre- 
sent in big. 2 the sketch of a possible jiower pile designed to operate 
at temperatures up to 1000° F. At one time this pile was slated for 
construction at Oak Ridge, but this program has been canceled. 

\\ hen it is finally built, the first power pile may show little resem- 
blance to this preliminary design. Nevertheless it is of interest to 
consider the basic features and general mode of operation of this pile 
as representing the latest information to be made public on the subject. 
On the basis of electric-power generation practice there is nothing 
ie\ olutionary in this propt>sal. Every element present in a conven- 
tional pt)wcr station is bnind here. The miclear reactor simply sup- 
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plies the necessary energy in the form of heat which is converted to 
mechanical and electrical energy in the usual way. It is obvious that 
the high temperature of operation imposes stringent structural require- 
ments on the choice of materials and will also modify the nuclear be- 
havior of the chain reaction to an appreciable extent. Once the unit 
has been used, direct access to the reactor for purposes of maintenance 



produeu 

Fig. 2. This sketch, released jointly by the Manhattan Engineer District and 
The Monsanto Chemical Company, shows the general features of the power 
pile once planned for construction at Oak Ridge. The heat released in the 
uranium rods by the fission chain reaction is conveyed to the boiler by a circu- 
lating gas kept under high pressure. Except for the novel energy source con- 
ventional power station practice is followed. Note the heavy radiation shield 
which surrounds the pile and the lighter shield around the b'oiler. The latter 
shield gives protection against any activity which may be present in the cooling 
gas. Radioactivity in the steam will be negligible. Despite the simple drainpipe 
pictured, removal of the fission products will entail reprocessing the uranium 

rods outside the pile. 

and repair will be well-nigh impossible owing to the high radiation 
level present even after the reactor is shut down. Consequently dura- 
bility of the component parts must be given special consideration. For 
all these reasons much preliminary work is indicated before a satis- 
factory design can be evolved. 

With the exception of the Clinton power pile, all previously discussed 
chain reactors utilize natural uranium as the nuclear fuel. This means 
they rely primarily on fission of by slow neutrons, and for that 
reason they are termed thermal piles. Each is of the lattice type since 
no homogeneous mixture of natural uranium and a moderator can 
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>iKstain a chain reaction (with the single exception of U plus DoQ). 
However, once we admit tlie possibility of obtaining U enriched in 
isotope 235, or pile-produced or Pu-^^, the above limitations may 
l)e cast to the winds. We are no longer restricted to lattice arrange- 
ments, and we may consider the utilization of intermediate or even 
fast neutrons to propagate the fission chain. Already a small homo- 
geneous reactor known as the “water boiler,” fueled by a water solu- 
tion of uranium salt enriched in has been constructed at Los 

Alamos. In addition, a controllable Pu pile functioning on fast neu- 
trons has also been operated at the same location. 

Tluis it becomes apparent that future piles will consist of several 
different types. One classification scheme identifies the pile according 
to the energy of the neutrons which cause the majority of fissions. On 
this basis we can imagine piles ranging all tbe way from thermal to 
fast. The eategory to which any pile belongs is determined by the 
amount of nuulerator present, i.e., a thermal pile contains large 
amounts of moderator whereas a fast pile contains no intentional moder- 
ating matc'rial, although inelastic collisions with the heavy atoms 
present reduce the neutron energy somewhat. The very fact that 
various classifications find ardent supporters among pile scientists 
leads us to suspect that no one type can claim superiority over the 
others on all counts. Just as the pony, the work horse, and the 
thoroughbred can each justify his existence as a member of the equine 
family, so can each pile boast certain advantages that merit serious 
consideration. To gain an unilerstanding of the situation let us com- 
pare briefly thermal and fast jiiles. using as criteria tbe following im- 
jit)rtant considerations; (1) critical size and specific power output; 
(2) neutron economy; (3) reprocessing of fuel. 


1. Critical Size and Specific Power Output. From Fig. 1 it is evi- 
<lent that the fission cross section for U“^’^ is much greater for thermal 
than for fast neutrons. This imidics that the amount of fissionable 


material to build a critical 
is recpiired for a fast jiile, 
material to construct five 
t hormal variety. Though 


Uiermal unit will be considerably less than 
which could moan that enough fissionable 
fast piles might be ailequatc for ten of the 
more fissionable material is required, the 


absence of a moderator results in the fast reactor having a much 
smaller volume than its thermal counterpart. As it turns out this 


small size is the major <Iisadvantage of a fast reaett>r, for it seriously 
limits the rate at which lieat can be withdrawn. If one tries to in- 


crease the reactor surface through 


voiils or dilution with heavy atoms, 
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the required amount of fissionable material soon becomes prohibitive. 
Consequently the specific power level, i.e., the permissible heat out- 
put in kilowatts per kilogram of fissionable material is relatively low 
for a fast pile. On this basis a 100,000-kilowatt pile of this type 
would necessitate a much greater initial expenditure for nuclear fuel 
than would a thermal unit with the same power rating. 

2. Neutron Economy, Since the ratio of (moderator plus coolant 
plus structural atoms) to (fissionable atoms present) decreases greatly 
as we proceed from a thermal to a fast pile, we naturally would ex- 
pect the relative neutron losses to be least in the fast pile. In addi- 
tion, no element shows strong capture resonances for fast neutrons. 
Therefore small amounts of impurities such as boron and even fission 
products will not drastically impair the fast pile neutron economy 
as they do for thermal piles. This means that fast piles should be 
more efficient than the other types in providing excess neutrons for 
other uses. This brings us to the subject of “breeding.” AVhenever 
a fissionable atom in a pile captures a neutron and divides, it is neces- 
sary that we expend one of the secondary neutrons to bring about an- 
other fission if the chain reaction is to be maintained. Theoretically 
all the remaining secondary neutrons could be channeled into “fertile” 
U238 oj. T-]^232 nuclei to create new fissionable atoms. It is clear that if 
V were greater than 2 we might conceivably produce more Pu-®® or 
atoms than the consumed. This would amount to true breeding 
and would provide a means of increasing our stockpile of fissionable 
material and enable us to utilize all the U and Th on earth to release 
nuclear energy rather than being limited to alone. The Hanford 
piles represent a step in this direction, but the Pu^ao produced there 
does not compensate for the burned; so this is breeding in a rather 
limited sense. 

3. Frequency of Reprocessing. It would be nice if we could simply 
introduce our fuel rods into a pile and then forget them until all their 
fissionable atoms had been burned. Usually this will not be possible 
because of the build-up of parasitic fission products. As a conse- 
quence it is necessary to remove the fuel units occasionally for re- 
processing by chemical means. Each trip through the processing 
plant is certain to result in some loss of precious material, and the 
frequency of reprocessing must be taken into account in selecting a pile 
type. Some proposals have been made relating to liquid piles. Here 
the fission products might be removed more or less continuously, thus 
simplifying the problem of reprocessing. 
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Future trends in pile design 

Having s^iirvcyod in a qualitative manner the two main pile types, 
let us conclude this chapter by speculating l)riefly on possible future 
trends in pile design. 

Wc liave .<een that tlie earliest piles were necessarily heterogeneous 
in nature. However, it was also noted that tlie availability of enriched 
fuel made it j)ossible to postulate homogeneous arrangements, and we 
saw that such reactors, especially those of a fluid nature, offered cer- 
tain definite ailvantages. In addition to the obvious reasons for pre- 
ferring a fluid reactor (ease of fission product removal, etc.) the novel 
>uggcstion has been made that the fluid fuel be circulated through a 
heat exchanger to eliminate the need for a separate coolant. At first 
this seems an attractive idea, but on closer inspection a number of 
problems arise. A greater quantity of fissionable material is then 
needed since tiiat in the circulating system is of no help in maintain- 
ing the cliain reaction. Some of the delayed neutrons would be re- 
leased outside tlie reactor and thus control would be more hazardous. 
Finally both reactor and heat exchanger would have to be heavily 
shielded for radiation protection whereas normally the latter requires 
only a light shield. These factors seem to place the circulating pile in 
a rather unfavored position. 

The hetenigeneous pile still has its supporters, mainly by reason of 
its engineering advantages. Until atlequate supplies of concentrated 
fuel are available we are sure to see reactors of this nature being built. 
At the moment it is impossible to say wliich arrangement will be more 
I)opular a decade hence. 

Excejit for a few research piles it is a foregone conclusion that future 
reactors will i)roduce large quantities of heat at a high temperature 
level. Thus the problem of heat removal is a crucial one, and the 
manner of cofding the pile gives a further means for grouping piles 
into several categories. In addition to the scheme for circulating the 
fuel there arc three proposals for cooling a j^ile. They include: 

1. Liquid metal coolant. 

2. High-pressure gas coolant. 

3. High-pressure water coolant. 

The first method lias much io recommend it and is the only feasible 
plan for extracting heat from a fast pile. In any event the fuel would 
have to be jacketed since U and Pu react with liquid metals at high 
temperatures. Ftir thermal piles Bi. Na, or a Na-K alloy appear to 
be promising coolants. Ilg or Bi would be satisfactory for a fast pile. 
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With reference to the second method, gases are rather inefficient as 
heat transfer media, even at high pressures. However, this deficiency 
may be largely offset by permitting the use of simplified fuel rods. 
In fact this was the cooling method planned for the first power jule 
(See Fig. 2). 

It is clear that at the proposed operating temperatures of power piles 
a cooling system which employed water would have to be maintained 
at very high pressures. 

Figure 3 presents a diagram which attempts to summarize at a 



Fig. 3. The interrelationship between various types of chain reacting pile. 

glance the general lines along which present pile design is going for- 
ward. ^\ hen one appreciates the many engineering materials avail- 
able for each component part and the various ways of arranging these, 
it becomes evident that the number of different piles that can be 
visualized is practically infinite. Consequently it wmuld appear futile 
to discuss any one specific design as representative of future pow'er 
piles. Both nuclear and conventional physical and chemical properties 
must enter into the choice of pile materials. Future technological ad- 
vances will certainly expand the list of possible structural materials. 

Reactor program of the Atomic Energy Commission 

In May 1949 the United States Atomic Energy Commission an- 
nounced plans for the construction of four new types of reactors. (The 
term reactor is now generally preferred to pile for describing a nuclear 
chain-reacting unit.) They are: 

1. A materials testing reactor which, as its name indicates, will be 
used in the study of materials to be employed in building reactors. 
Fuel elements will be U enriched in (Construction plans being 
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I'repared jointly by Argonne National Laboratory and Oak Ridge 
National Laboratory.) 

2. A Navy reactor designed as a land-based prototype of a reactor 
for use in propelling naval vessels of aiipropriate types. Fuel elements 
will be U enriclied in U-*'*"'. (Design by Argonne Laboratory. Con- 
struction by Westinghouse Electric Corporation.) 

3. An experimental “breeder" reactor designed to operate with high 

energy neutrons. This will be used to explore further the possibilities 
of breeding, i.e., producing more fissionable material than is consumed 
in the operation of the reactor and also of power production. Fuel 
elements will be A liquid metal coolant will be used. (Design 

by Arg(mne Laboratory.) 

4. An experimental “breeder" reactor designed to operate with 
neutrons of intermediate energy and to explore their possibilities for 
breeding, as well as to i>roduce usable power. A liquid metal coolant 
will be used. (Construction by General Electric Company.) 

Tlie AEC has announced more recently that project 4 has been 
I)ostponcd for the present, owing to the pressure of more important 
work. 

In order to facilitate the reactor program a field station has been 
established at Arco, Idaho. The materials testing reactor and the 
Navy reactor will be built at this site. Facilities will also be set up at 
Arco for the chemical processing of reactor fuel elements and the re- 


covery of useful material as well as for the concentration and liandling 
of fission products from the reactors. 

A long-range project to study the possibility of nuclear energy for 
the propulsion of aircraft (NEFA) was established at Oak Ridge in 
1946. It is being managed by the Fairchild Engine and Airplane Cor- 
poration under the supervision of the Air Forces and in cooperation 
with the Atomic Energy (’ommission. 

^ ^ 1 d be mentioned that studies are also being carried 
out on the design of a simplified research reactor. Such a unit designed 
[uimarily for research purposes and the training of new technical 
people in this field should cost much less than the aforementioned 


leactors. 
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12- Nuclear Theory and Cosmic Rays 

What U'e know here is very little; hut what ivc ore igno- 
rant of is immense — A (piolation from Laplaoc scon on 
the bulletin board of a famous radiation laboratory. 


It is partially true that we liave selected the title to this book with 
malice aforethought, because we would not have to exptmnd on the 
theory of tlie nucleus. In spite ol this we cannot bring ourselves to 
leave the reader without some idea of how the nature of the nucleus 
itself appears to the theoretical physicist. The reader may note there 
a little canny wording, for we have not made any claim about a de- 
scription of the nucleus itself— only how it ajipears at present to the 
theorist. It is so likely that all the discoveries necessary to the found- 
ing of an adefpiate nuclear theory have not yet been made that any 
theory must be accei)ted as provisional and left at that. 

Before we consider the nucleus, a glance at the atom as a whole is 
most instructive. It is generally describetl more or less as follows: 
electrons are moving according to the rules of quantum mechanics in 
tlie field of one another and of the charged nucleus, which nucleus is 
characteristic of the element. If the motion of the electrons is cor- 
rectly calculated according to the required rules, supposing that the 
only type of force operative is the coulomb force between charges, then 
a very satisfactory theory of the atom results. The excellence of the 
agieenu'iit between [>retli(*tion and findings based on this aiiproacii 
gi\es us great confidence in the validity of quantum meclianics and 
leads us to hope that it may be valitl also in a region of nature which is 
several mders of magnitude smaller than the whole atom. This, how- 
ever, is no more than a hope. 

ISow the nucleus itseli oflers a much harder problem in calculation 
foi two reasons. 1 he first, and more obvious, is that we cannot make 
the assumption that tlie only force operative is the coulomb force, be- 
cause, il it were, the pixitons would blow themselves apart immedi- 
ately. The second is that there is no such simplification as having the 
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great majority of the force field due to a nucleus at the center of the 
atom with light electrons rotating around. Instead of this simplifica- 
tion we have the necessity of considering each particle in the nucleus to 
be as good as another, and we are therefore presented with a compli- 
cated “many-body’' calculation for any but the simplest nuclei. 

Nuclear forces 

The first of the difficulties above is intriguing as it sets us the task 
of determining the characteristics of some new forces of nature. Ac- 
cordingly we can consider in the first place what evidence we have 
about the forces which operate in the nucleus, namely, those between 
neutrons and protons, neutrons and neutrons, and protons and protons. 
The neutron-proton “interaction’* can be studied by considering the 
nature of the deuteron. The deuteron is a combination between a 
neutron and a proton. If the force between a neutron and a proton 
IS very large the combination will be extremely stable, which means 
that a considerable amount of energy will be expended in separating 
the two. If the force is feeble, little energy is needed. Thus, by 
measuring the binding energy, some information regarding the neu- 
tron-proton force can be found. In nuclei this binding energy is very 
large, amounting to several Mev, and as the theory of relativity re- 
quires an equivalence between mass and energy the binding energy of 
a deuteron can be found by measuring the mass of tlie deuteron and 
finding the difference between the separate masses of the two com- 
ponents of the deuteron and the mass of the combination. Thus the 
relative mass of the deuteron is 2.0147, while the sum of 1.0081 and 
1.0089, the separate masses of the proton and neutron, respectively, is 
2.0170. The difference is 0.0023. In actual grams for a single deu- 
teron this is 0.0028 X (1-6 X 10-2^), and if we multiply by the square 
of the velocity of light to get the equivalent in ergs, according to the 
theory of relativity, we obtain 4.0 X 10-« erg. In Mev this is 2.1. 

In this way we can obtain an experimental value for the binding 
energy between the stable combination of a neutron and a proton 
Aow we are presented with the problem of using this to give a definite 
meaning to the interaction between the two. Remember that we are 
only at the very beginning of our work and that we expect no more 
han a part of the story from this one line of evidence. With this in 
mind it IS not too difficult to see that the theorist represents the force 
etween the neutron and the proton by a potential field as in Fig. 1, 
either A or B. The meaning of this form of representation is that we 
consider the motion of one particle in the field of the other and suppose 
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that the potential energy due to this field can be represented by either 
a well or an indentation as shown in the two parts of the figure. Now 
the particle we consider will have a certain amount of kinetic energy 
as well as potential energy and will move so that its total energy is a 
constant. This total energy may be represented by a line as at G. 
The binding energy, the energy needed to separate the two particles 
so that they do not influence one another at all, is not the energy of 
the depth of the whole potential well. OD in the figure, because the 



I'h;. 1. Two ways of repicscndnn the potential field due to a force between a 
neutron and a proton, the force being that which makes possible the existence of 
a deuteron. Since the proton and neutron are in motion they possess kinetic 
energy, and the binding energ>’ of the deuteron is determined by the position of 
llie energy level, G, in the potential well. GD represents the total energj', 
kinetic and potential, inside the well, and OG the binding energj'. 


kinetic energy of the particle helps this separation, but the amount of 
energy represented by tlic potential OG in the figure. We then have 
tlie experimental fact that is 2.1 Mev for tlie deuteron. 

lo 11 .S 0 tliis information tliat the binding energy is 2.1 Mev we have 
to <leviso iiotcntial fields which will give the right value. If we choose 
the well type of field we can describe the well by two magnitudes, the 
radius OF and tlic depth OD. Using this description we proceed as 
follows: c know from quantum mechanics that the motion of the 


neutron or proton is governed by a wave equation and that this has 
certain solutions which have physical meaning. These solutions can be 
obtained only for certain values of the energy difference, GD, and, if 
we can find a value of tlie two magnitudes OF and OD which make the 


fir.st of these 


definite energy values (eigenvalues) such that OG is 2.1 


Me\ , wo have ohtaineil as much information as possible from the ex- 
perimental value ot tlie binding energy. It is not surprising that, with- 
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in a range of values, we can choose several sets of radii and depths; we 
could hardly hope that one fact about one nucleus would give the com- 
plete story about this new type of force. We do, however, learn that 
the range of values requires the radius of the well to be about 3 X 
10“'^ cm and the depth about 20 Mev. The force is thus confined to 
an extremely small radius and is then of enormous size. 

Before we continue to see what further we can learn about the nature 
of nuclear forces let us consider what types of forces we already under- 
stand and what factors affect these forces. The first type is the simple 
force, such as a coulomb force, or gravitation, which is simply a definite 
function of the distance between two par- 
ticles. Adding more charge (i.e., more elec- 
trons or protons) simply increases the force 
proportionally. A second type is commonly 
found between atoms and has no counter- 
part in so-called ordinary forces. This force 
can be explained only by quantum me- 
chanics and arises in a manner related to 
the peculiar nature of the waves associated 
with matter. In bare essentials quantum 
mechanics requires that the description of 
the motion of a particle be in terms of a 
wave equation in which the wavelength of 
the waves depends on the energy they have 
associated with them. 

To be more precise, if a particle moves 
with a total energy Ey in a potential field 

represented by V, the wavelength of the waves describing the motion 
is h/[2m{E — T)]^. This means that, if a particle has operating 
on it some influence which causes the wavelength of these waves to 
change, it must suffer some change of (E? — F), and this cannot be 
done without the existence of a force. If, then, we find that the pre- 
dictions of wave mechanics lead us to assert that there is a change 
in the wavelength of the waves describing the motion of a particle we 
are compelled to postulate the existence of a force. 

Now consider two identical atoms each containing electrons, or, to 
simplify it more, consider two hydrogen nuclei, reasonably close to 
each other, with only one electron between them. We may represent 
each nucleus as a field of attraction, and for ease of drawing we may 
represent this field as a well. Then, as in Fig. 2, we have these two 
wells close together; and like the deuteron the electron has a definite 









1 2 


Fig. 2, Representation of 
the fields of two hydrogen 
nuclei with one of the en- 
ergy levels of an electron 
indicated as at E. Since 
the wall between the two 
atoms is not infinitely thick 
there exists a chance that 
an electron in atom 1 find 
itself in atom 2. This fact 
requires a change in the 
wavelength of the waves de- 
scribing the motion of the 
electron and gives rise to an 
“exchange” force. 
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energy E in each atom. The reader will recollect that there is always 
a finite probability that a particle can “leak” through any but an in- 
finitely thick wall, and noticing that the wall between atom 1 and atom 
2 is not infinitely thick he will see that if at any time the electron is in 
atom 1 it has a finite chance of being in atom 2. This conclusion is, 
on the surface, harmless enough — there is no reason why an electron 
should stay near one hydrogen nucleus when there is an alternative 
nucleus near by; but when it is followed up correctly it is found that 
the possibility of this “exchange” requires that the original wavelength 
of the waves describing the motion of the electron is altered. The 
amount of alteration depends, naturally enough, on the thickness of 
the wall separating the two atoms, which depends on their separation, 
and the alteration reqiiires that a jorce be exerted by one atoyn on the 
other. This force is strong enough to make the hydrogen molecule ion 
reasonably stable in spite of the repulsion between the two protons, 
whicli is not balanced by any coulomb force of attraction. Such forces 
arc called exchange forces. This explanation may or may not appeal 
to the reader, but it is designed to bring out one special feature of such 
a force, namely, that it is confined to a pair of hydrogen atoms. The 
proximity of a third hydrogen nucleus would undoubtedly affect the 
nature of the force, but not considerably, since it is only the fact of 
exchange between two atoms that causes the force. This type of force 
differs considerably from coulomb forces in that it has the feature of 
sa t ura t ion . 

W ith this preliminary discussion we can see where we may next look 
for information about nuclear forces. We may study the binding 
energy of more complicated nuclei, containing many particles, and 
observe whether the binding energy increases proportionally to the 
square of the number of particles ns it would if forces acting were of 
the unsaturated type, or to the number itself if of the saturated type.* 
We quote the binding energies (difference between the masses of the 
neutrons and protons and that of the atom itself) for the first twelve 
stable nuclei. Figures arc expressed in Mev. 

IF 2.1 nc=* 7.6 Hc^ 27.6 He® uivsUble Li« 22.2 

LF 29.1 unstable Be® 48.3 B*® 54.5 66.3 

82.3 


* If tlio attraction depends simply on the number of constituents, the cneno' 
will dcpoml on the number of pairs we can form. This is N(N - 1), which is 


roughly A'L 
her of pairs 


If there is .'^jituralion a pair can be taken only once, and so the num 
effect i VC is .V/2. which is proportional to N. 


NUCLEAR FORCES 


269 


A continuation of these figures shows that the increase in binding en- 
ergy is reasonably linear, so that the type of force we expect in the 
nucleus is the type which can be saturated and which would be of the 
exchange type. Now if we look more closely at the figures above we see 
that as far as the first three nuclei are concerned we are not so justified 
in dismissing the ordinary type of force. Thus the number of pairs in 
H- IS one, and the binding energy is 2.1. The number of pairs in He^ 
is three, and the binding energy is remarkably close to three times 2.1. 
In He"* the number of pairs is twelve, and the binding energy, thougli 
not exactly twelve times 2.1, is still not far from it. It is after He^ that 
the saturation feature begins to show up. There is thus something in- 
herent in the forces which requires that the saturation occur after four 
particles have been placed together. 

Before we continue this discussion of nuclear forces it is as well to 
look at all the known properties of elementary particles, particularly 
the neutron and proton. The obvious properties of mass and charge 
we can pass over; the property of spin requires consideration. To the 
chemist this property of spin is commonplace. He will have been 
waitijig for it to be mentioned since he knows its importance in deter- 
mining the nature of the elements. To those who are not so familiar 
with the idea we can say that in order to describe tlie behavior of an 
electron in an atom we are compelled to use four quantum numbers, 
three of which are related to the motion of the electron in the field 
of the atom and the fourth, the spin, is related fundamentally to the 
electron itself. It is a quantity which determines structure. This does 
not mean that there is any real meaning to be attached to the word 
“spin,” in the sense of rotation; it means rather that the spin of a par- 
ticle determines, among other things, in w’hat condition we are likely to 
find it. The spin of both neutron and proton is y., which means that 
each contributes an angular momentum i 4 (/i/ 27 r) in some vectorial 
addition of angular momenta. The fact that this spin has this value 
means that both these elementary particles obey the Fermi statistics, 

requiring that only one particle have a particular complete set of four 
quantum numbers. 

The application of this knowledge about spins at once sheds light 
on the saturation process and on the forces themselves. The fact that 
saturation occurs when there are four particles in the nucleus cor- 
relates perfectly with the fact that two neutrons can occupy a given 
quantum state, one with the spin one way and the other with opposite 
spin, and also two protons in the same way, making a total of four 
particles. The next particle, whether it be neutron or proton, is com- 
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polled by tlic opoi’atitm of the Fermi statis^tics to go into a different 
level of energy, a fcict U'hich prevents exchange forces froin operating 
at all. and the result is that no stable nucleus of five particles exists. 
If two particles arc added there is some binding and it is possible to 
have stability. We therefore learn that forces operate only between 
particles in the same quantum state. We also learn rather more. In 
the first |)lace these forces must not depend very greatly on the direc- 
tion of the si)ins of the two particles relative to one another, for if we 
su])i)oscd that forces occurred only for parallel spins tliere would be 
no tendency for lie^ to liavc so great a binding energy since whatever 
is added to a deuteron must, by the operation of the Fermi statistics, 
have an oj>|^osite sj)in to the two previous ]>articles which have like 
spins by our force rc(iuirement. In the second place we see that the 
forces between protons and protons, neutrons and neutrons, and pro- 
tons and neutrons arc much alike or the binding energy of He^ would 
not be three times that of the deuteron and the binding energy of He^ 
would not l)c twelve times. 

This reasoning may seem so complicated to the reader that we may 
a.s well pause to summarize a little. Wo have found that new fyrees 
arc necessary in the nucleus. These forces operate over an exceedingly 
small range of distance; they are of the “exchange type” in that they 
show satuiation; they operate only between particles in the same 
(piantum state; and they are not greatly affected by the direction of 
the spin of one particle relative to one another. 

W ith this much information we can begin to look around for other 
lines of progress. We look to that favtuite method of study of the 
nucleus, the scattering of i)articles by nuclei. Better yet. we propose 
to study the scattering of elementary particles by one another, and this 
can be done in two of the three i)ossible cases. We can study the 
scattering of neutrons by protons and of protons by protons, but the 
third we cannot yet do. The scattering tif neutrons by neutrons rc- 
(piires that we btiiUl a container for neutnms, and that has not yet 
been done. By far the best information exists for proton-proton scat- 
tering, and we can therefore treat it first. The first evidence for the 
action of nuclear forces in the scattering of protons by hydiH>gen was 

. lilt , using a cloud chamber to observe forked tracks 
due to collisions between protons ami hydrtigen gas in the chamber. 
He was able to analyze his data to show that the manner of scattering 
recjuireti a force at close (piarters between the two protons concerned in 
the collision. 1 he number t>i tracks he observetl, however, though suf- 
ficient to show the reality tif the etTeet of proton-proton forces, was not 
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enough for a real idea of their nature to be obtained. The later work 
of Tuve, Hafstad, and Heydenburg, in a series of studies which is per- 
haps the most satisfying in the whole subject of nuclear physics, shows 
that as the energy of the protons from an electrostatic generator is 
varied the manner of scattering changes from that to be expected 
according to a coulomb force to one which corresponds to a sharply 
varying nuclear-type force. Their experiments, together with later 
work by Herb, Kerst, Parkinson, and Plain, are very thorough and 
permit an accurate determination of both the breadth and depth of the 
potential well due to proton-proton forces. When this is done it is 
found that although the force between these two like particles is not so 
great as the force between neutron and proton it is not very much less. 
This agrees with the conclusion already mentioned in the last para- 
graph but one. 

Although the experiments so far described show definitely the ex- 
istence of a force between two protons and give some idea of its mag- 
nitude, they do not say anything about the cause of the force. The 
search for this cause is now perhaps the major driving aim of nuclear 
physics. One approach is to increase the energy of the protons which 
are scattered and see whether there is, in addition to scattering 
explained by a single well, some dependence on angle or energy which 
cannot be so explained. This added feature is then something which 
can be tested against various suggestions for the cause of the force 
in the first place. So far experiments accurate enough to permit a 
leal test of hypotheses have not been carried out, although the energy 
of the scattered protons has been considerably raised. No fully com- 
pleted data have yet come in from protons accelerated by the large 
cyclotrons which have gone into action. The results of this work will 
have the most profound effect on nuclear theory. 

The scattering of neutrons by protons is equally important. It is 
harder to carry out because collimated beams of neutrons of high en- 
ergy are hai’d to obtain. The best approximation to the required di- 
rectional beam has been obtained in the large Berkeley cyclotron, 
where 200-Mev deuterons produce neutrons in the target which are 
approximately 100 Mev in energy and confined to a small solid angle 
in the direction of the original deuterons. These neutrons have been 
used to study the angular distribution of recoil protons from hydrogen, 
and it has been definitely shown that the exchange process does indeed 
take place. This is seen because too many protons are observed at 
low scattering angles, unless it is supposed that some of the protons 
were originally neutrons which have changed identity and become 
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])rotons. The results do not, however, require that the entire inter- 
action be of the exchange type, and more work is clearly necessary to 
show what part exchange has in nuclear forces. 


Spin and magnetic moment 

One question which immediately arises is whether the forces be- 
tween elementary particles depend only on the positions of the particles 
or whether orientation also is a factor. Each elementary particle 
possesses a si)in, and it is therefore readily possible that the force 
between any pair depends on the relative direction of their spins. That 
this is so for neutrons and protons has been shown in several ways. 
It was first susiiected to be so when it was found that the absorption 
cross section for slow neutrons in hydrogen did not agree with the 
scattering cross section. This was explained by Breit and Wigner as 
being due to the existence of a nearly stable form of the deutcron in 
wliich the spins of the two elementary particles are opposite, whereas 
in the normal form they are in the same direction. The energy dif- 
ference due to this is 2.1 Mev out of perhajis a 20-Mcv total. It was 
further proved by Brickweddc, Dunning, Hoge, ami Manley, who 
showed that scattering of slow neutrons by molecular hydrogen was 
markedly difl’erent if the hydrogen was in the ortho form, where the 
protons forming the hydrogen nuclei have spins in the same direction, 
from the para form, whore the spins are opposite. Improved measure- 
ments by Alvarez and Pitzer and by DeWire, Sutton, and a group at 
Los Alamos have shown this effect more clearly and give a very high 



the hu'cc between two particles of opposite spin is less than that be- 
tween particles with spins in similar directions. 

An even greater complication has been introduced by the recently 
developed precision measurements of magnetic moments. The process 
of abrupt transition used by the atom makes possible a technique of 
observing any quantity which causes that transition, provided the 
transition itself can be detected. Rabi first exploited this idea by 
a method which has permitted the ultimate in precision to be applied 
to the measurement of nuclear magnetic moments. If a nucleus is 
subjected to an oscillating magnetic field and if it possesses a mag- 
netic moment, this field will tend to reorient the nucleus. In Rabies 


experiment the nucleus was first held in orientation by sending it 
through a fixed magnetic field and then sent through a second field 
which took it into a tletector if its orientation irns unchanged. Be- 
tween these two fields was placed an oscillating field whose frequency 
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could be varied. It was found that at certain very precise frequencies 
the number of atoms which reached the detector was considerably 
reduced, indicating that the frequency of alternation of the magnetic 
field was peculiarly eflficient in causing nuclei to change orientation. 
Quite simple theory shows how this critical frequency is related to the 
magnetic field, the frequency of oscillation, and the magnetic moment 
of the nucleus. This is accordingly determined in terms of very ac- 
curately made measurements. 

An ingenious modification of this idea was introduced by Purcell. 
Pound, and Torrey. They pointed out that if a considerable number 
of nuclei were changed in orientation there would need to be an absorp- 
tion of energy, which could be measured. The energy derives from the 
potential energy of a magnetic moment in a magnetic field and is 
changed by reorientation of the moment. Purcell’s modification con- 
sisted in using a whole block of nuclei, rather than a stream of mole- 
cules in a high vacuum, and observing the frequency at which energy 
absorption changes. The same relationship as in Rabi’s method then 
applies, and a magnetic moment is determined. 

With these methods the magnetic moments of proton, neutron, and 

deuteron have been measured. The moment of the deuteron is not 

the sum of the moments of its constituents. This is due to the fact 

that the deuteron spends part of its life history in an asymmetrical 

condition, and this in turn means that a part of the force between 

neutron and proton depends on the way in which the line joining the 

two elementary particles is directed with respect to the axes of the 
particles themselves. 

Mesons and nuclear forces 

The outstanding theoretical difficulty in nuclear physics is the strik- 
ing difference between the character of the force which is responsible 
for beta-ray decay (in which a neutron becomes a proton) which is 
quite \yeak, and the force which binds particles together in a nucleus 
which is very strong. This latter is, as we have said, at least partly 
due to an exchange process, and it would seem as though the exchange 
should be related to the conversion of a proton into a neutron and 
vice versa. In order to make the exchange process have more meaning 
Yukawa in 1935 postulated a particle of mass intermediate between 
that of a proton and an electron. This would account for the nature 
of the nuclear binding, in a qualitative w^ay, even if it would not 
account for beta-ray decay forces. This particle he called a meson, 
he discovery of particles of this category in cosmic rays and the 
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production of such particles by nuclear bombardment as shown by 
Gardner and Lattes make it certain that Y’ukawa’s suggestion has to 
be taken seriously. 

The trouble arises in the mathematical and logical difficulties of 
setting up a theory of nuclear forces when none of our knowledge of 
the elementary particles is complete and where only the most advanced 
form of thought can be applied. Any theory has to be tentative in 
character, and the exhausting labor of mathematical manipulation 
and approximation does not appeal to a theorist unless he has com- 
pelling reasons for trying a hypothesis and excellent experimental 
data with which to test it. The needed data will almost certainly be 
forthcoming, as high-energy accelerators become commonplace and 
varied experimental genius is brought to bear on the problems. 


High-energy physics: cosmic rays 

The subject of high-energy physics, in which sufficient energy is 
employed to shake the intimate structure of the nucleus, is just begin- 
ning. It occupies the same position with respect to the nuclear 
physics of simple transmutation and artificial radioactivity as the 
study of the nucleus has with respect to the electronic structure of 
the atom. Already one hears the title “classical nuclear physics” to 
refer to researches dealing with 10 Mev and lower energies. High- 
cnergy physics is a subject which is fascinating and exciting and com- 
bines operation of a large apparatus with the prospect of experimental 
results which arc completely new and unexpected. To a scientist it is 
as adventurous as a trip to a star, and, indeed, in a sense that is what 
it is. The content of high-energy physics is found in nature in cosmic 


radiation, and the remarkable results of cosmic-ray research are now 

being dovetailed into research with huge cyclotrons in a manner which 

is rai)idly showing what the content of nature at high energies is. 

Because of their great importance in this subject a word about cosmic 
rays is worth while. 


Cosmic rays were discovered when excellent insulators and guard- 

ling teclini(]ues made it iiossible to measure very small amounts of 

ionization. At first their reality was under question, but experiments 

made in snow-fed lakes where no radioactivity could be expected in 

the water showed that there was indeed an ionizing radiation which 

could be absorl)ed by the water. The origin of this radiation is outside 

the earth, but its source is still not known today, forty years after its 
discovery. 
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Two reasons for this lack of understanding are properties of the 
earth itself. The earth has an atmosphere and also a magnetic field. 
In consequence we are never permitted to observe the true radiation 
coming in from somewhere out in space but have to put up with radia- 
tion which has been bent and filtered by the magnetic field and also 
has interacted many times with the atoms of the atmosidiere. If in 
spite of these two complications we go ahead and study the nature of 
tlie penetrating radiation we find by far the strangest manifestation 
of matter. Cosmic rays seem to contain everything: electrons, posi- 
trons, photons, and neutrons, as well as other particles not yet sorted 
out. However, the most startling feature of cosmic rays is the existence 
of large releases of varied kinds of radiation, all at the same time anti 
clearly having a common origin. These are called showers. These can 
be studied in two ways, either by an ionization chamber at very higit 
pressure or by means of trays of Geiger counters and coincidence cir- 
cuits. The first method reveals tlie existence of sudden bursts of 
ionization, amounting to as high as 10’^ electron volts. The second 
shows coincidences of many counters. If the counters are made to 
trigger a cloud chamber the chamber is seen to be filled witli a tre- 
mendous confusion of ionizing particles having apparently a common 
origin. A magnetic field applied across the cloud chamber shows that 
the particles are of either sign. In fact the discovery of the positron 
was made by Anderson in tiie study of cosmic rays and not by Curie 
and Joliot in the study of artificial radioactivity. 

The fact that the particles in these showers have a common origin 
means that there must be single particles entering the atmosphere and 
having very large energies. These particles are called the primary 
radiation. They seem to arrive from all directions though some slight 
directivity has been reported. It seems hard to believe that the process 
of nuclear release of energy going on in stars could give rise to such 
enormous energies concentrated in single particles. Therefore, thought 
is turning to possible methods of acceleration. This is again a wide- 
open subject since little is known about interstellar fields. However, 
if the evidence from the doppler shift of the nebulae is right, then the 
universe has had about 3 X 10^ years for acceleration processes to 
take place, and this is long enough for quite slow accelerations to 
produce an effect. Whatever reason the reader likes to imagine for 
this acceleration, there seems to be no doubt that very energetic charged 
particles are entering the earth's domain and that these are responsible 
for cosmic radiation. 
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The use of pliotographic plates sent up to groat altitudes by means 
of balloons has shed considerable light on the nature of the heavy par- 
ticles reaching the cartli. Tiie development of the plates reveals the 
jircsencc of densely ionizing tracks, of the kinti sliown in Fig. 3. These 
tracks have spurs called “delta rays,” and the frequency of these along 
the track is sharply dependent on the charge carried by the incoming 



« • * tk 111 lilt,- 

(ween the tliird and the fourth ciiuilsion. Tlic lower picture is a luicropliotoKrapli 
of the track of llie licavicst frasincnl of cliaific Z = 11 ± 1 resullini: from tlie col- 
lision, as it appears in the fourth emulsion, accompanied by an a-particle “satellite 
track and six proton tracks. The apparent cur\’at\ire of the track results from a 
distortion of the emulsion. The.se pictures are due to Dr. H. Bradt. 


particle. The greater this charge, the more and longer the delta rays. 
Ily making a count of the frequency of the delta rays, the charge of 
the particle can be found, and the discovery has been made that the 
agents causing the tracks are stripped nuclei of elements up to iron. 
The cosmic rays therefore represent 'bombardment of the earth by 
atomic nuclei and in turn give us some iilea of the abundance of ele- 
ments in the universe. Hydrogen seems to be very abundant, and tlic 
suggestion that protons form a large part of the primary radiation was 
first made by Johnstin. The extension to include elements up to num- 
ber 2G was first made by Freier. Lofgren. Ney, F. Oppenheimer, Bradt, 
and Peters on the basis of the photographic work just described. 
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With this discovery one would expect that the known processes of 
interaction with magnetic fields on the one hand and of the atmosphere 
on the other would render the understanding of cosmic rays easy. To 
some extent this is true. For example there is no tremendous problem 
posed by a shower, providing the primary particle is capable of inter- 
acting with matter to produce radiation and electrons, for then the 
radiation will produce electron positron pairs, which in turn will 
produce more radiation, and so on, the whole complex process being 
due to the conversion of the kinetic energy of the incoming particle 
into the kinetic energy of many particles. A man-made shower pro- 
duced by high-energy photons from a synchrotron is shown in Fig. 4. 
It has actually proved, however, that the interaction of the primary 
particle with matter is not only to produce electrons as ordinarily 
known. This was suspected first when it was realized that an electron 
when going at high speed will produce radiation if it is being decelerated 
by matter. This radiation is identical with the continuous x-radiation 
produced in an x-ray tube but is much more prolific for high-energy 
electrons. The electron loses energy fast. Therefore no such electrons 
should be capable of penetrating the atmosphere. This statement is 
not borne out by experience because penetrating particles do exist. 

The explanation for this discrepancy has been found in the existence 
of heavy electrons, called mesons. These are in some way concerned 
with the nucleus, in accordance with Yukawa’s suggestion. Because 
they are heavier than electrons they radiate much less, and so although 
they ionize more they are actually on the whole more penetrating. 
The discovery of the meson is of some interest especially because it 
has been found that there are at least two kinds of meson. There exist 
two ways of deciding the mass of a particle: one can measure its total 
energy and one can measure its velocity separately. Its mass can 
then be found. Or one can measure its momentum and then its 
velocity, so finding the mass. The latter method was used by Ander- 
son and Neddermyer at the California Institute of Technology and 
Street and Stevenson at Harvard. The momentum of a particle is 
measurable by its curvature in a magnetic field. On the other hand 
the velocity can be measured by the rate of ionization, which is deter- 
mined by the electric field of the particle and how fast it goes by, and 
so depends only on the charge and the velocity. In point of fact, a 
meson of kinetic energy T and mass M (electron masses) loses energy 
by ionization like an electron of kinetic energy T/M. Therefore if the 
curvature in a magnetic field can be measured and also the rate of 
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loiniation (if idtis it is jaissihU* t(» (IctcrniiiK' the mass of the meson. 
I he \'ahK’ found hy this method is 198 electron masses. 

'I'lu' first method was em|»loyed hy Cowell and Occhialini, wlio cm- 
l)loy(Ml the photographic technuiue. This is very convenient hecause 



I t.;. I. A shower produred hy ihr u:iinni;i iadi:ilion produced hv 

''"■''h.Mditi. t.t of UMuri I,y ;«r,-M..v elcrtion- h.MU tl.e rniv.Msitv of California 
\ IK h I of I (»h . I liis HiiiMikahlK pirturr sIidws flic priiccss of ini Ix’lwoon 

-"‘d radiation whirl, ro„slitu(es a show.a. The -ain.ua ra.hation cntci-s 
dH' I. II. and a trarlinn .-nin . rlr.l into parlirir .-n.-rny in llir first lead plate. 

l-Mli.lr .-n.at'V is r.-.a.nvrrtrd into lower .aieriiy radiation in the 
' * 'd rdii. I hr luiiiin.il .^iiiiih' .|uanlnin i'^ now nmlti|ile. heini; partly 

I’"''' ' 'IIM^'V and piiilv lower ener^:y ,piant;i. .M.oiii the middle lh(Mi‘ is a 

-'I ■ t.rryv m loni/im. paiti.-h-s. ati.l ih.-reafter the lea.i plates succeed 
' d" * In rr:\ . Mtadiation 1 .alioi ;itni >■ ol the I'niversily of California. 

•Hid fh.- .Xlomir |‘:n.'r‘ry Commission.) 


hy entji:t-:'u 

stops in 

couhtine 
eompan- it 
or elect l oll- 


ht‘ y:i:.ins ahum the track of a cosmic ray particle which 
'tiu!''!.i,i it is possible to estimate its total energy. By 
tain.- it \arious sta'^es o| its path it is jmssiblo to 
oo. • of o iiization with known partieles such as protons 
- aNo found that there were mesons in cosmic 
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rays, but he found several cases of a double process, which is illus- 
trated in Fig. 5. Here a particle which is undoubtedly neither proton 
nor electron is seen to proceed along its career, developing more ability 
to ionize as it goes, and then at the end of its path a fresh particle, 
also a meson, is seen to appear, which follows a career to a conclusion. 
By careful measurements it can be shown that the first particle 
heavier than tlie second, having 286 electron masses. Powell called 
it a TT-ineson, and the lighter form a /i-meson. The /^-meson is the same 
as that of Anderson and Street. 



Fig. 5. A photograph of the life history of a Tr-me.son. due to the joint program 
of tlie Atomic Energy Commis.^ion and the Radiation Laboratory of the Univer- 
sity of California. The 7r-me.«5on enters from the extreme left in the mosaic of 
pictures and converts into a ^-nieson at the top right. This meson, wliose lower 
mass is apparent in its more ready scattering, moves from left to right in the 
upper mosaic until at the sharp break it is converted into an electron and a 
neutrino. The electron has high energy and ionizes very sparsely. It leaves the 

picture at the left of the lower mosaic. 

This heavier 7r-meson has been observed to be produced by fa.st 
alpha particles, protons, or electrons in cyclotrons and synchrotrons, 

and it now seems clear that only the 7r-meson plays any active part in 
the nucleus. 

The meson story therefore appears to be as follows: There exist 
positive and negative 7r-me.sons. Neither are permanent, nor do they 
have similar histories. The negative 7r-meson is actually strongly 
attracted to nuclei. The cross section for a transmutation by a nega- 
tive TT-meson is tlicrefore very lai'ge, and the kind of transmutation 
it produces is quite an event since it carries with it 150 Mev of mass 
energy apart from its kinetic energy. Any nucleus foolish enough to 
attract into its midst such a character is immediately blown apart into 
fragments and these are recognizable as “stars,” one of which is shown 
in Fig. 12, Chapter 5. The free half-life of such a meson has recently 
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boon ineasurcrl by Rioliardson wlio has found that tlie rate of produc- 
tion of stars in photographic emulsion drops off if tlie emulsion is placed 
furtlier and further along the path of a negative 7 r-meson. No col- 
lisions occur in tlie higli vacuum of a cyclotron, so this seemingly rep- 
resents the decay of the 7r-meson to a ^-meson. The half-life is 
8 X 10“° second. 

The positive 7r-meson is different. It is not welcome in nuclei, though 
it can force its way in and then produce a star. It appears to be able 
to come to rest and then change into a /i-mcson by the process shown 
in Fig. 5. It seems likely that the process of decay takes the 

same time for either positive or negative 7 r-mesons. 


^x-mesons predominantly decay into a fast electron and a neutrino 
as seen in Fig. 5. This decay process has been observed in two ways. 
The first is by noting the loss of /x-mesons in going through sparsely 
absorlting matter (and hence taking time as well as losing energy) to 
be greater than in dense matter (where energy is lost without waste 
ol time). The second is the ingenious method, due to Rasetti, of let- 
ting the me.son recor<l in a counter, then plough to a stop in a block 
of lead, and detecting the emitted fast electron after decay. The fast 
electron is not in coincidence with the meson count unless the meson 
count is delayed. .Measurement of this delay by a circuit measures the 
half-hfe. As measured by the first method the half-life is 2 X lO"** 
second. Correcting for the fact that the timing system is slowed 
down by the mo tion of the particle so that time is lengthened to l)e 

~ too long, the half-life proves to be 2 X 10“® second, 

which agrees with the measurements made by the second method 
where the meson is at rest with respect to the observer. A negative 
/x-m(>son can also be captured by nuclei in a manner corresponding to 

a rather weak force. After capture they apparently give rise to 
neutrons and TKMitrinos. 


In iuldifion neutral mcscins may be present niul tlie proeesses may 

nisn mvnive a neutrino. It is likely that ;*-mesons have a spin of >/, 
uhereas 7r-mesons have a spin of 1. 

I here seem to he .dill heavier mesons. At the time of writing these 
have h..en found only in eosmie rays ami study of them is slow and 
edioiis. l ull knowlerlge of mesons is far from being realized. 

r.i return h, nuclear forees, the ,r-meson has not yet produced the 
urge forw ir I ,i theory that might he expected. Several meson theories 
c. nuclear lore, ; exi.d. hut so far they give no simple elarifioation. 

^ uau-e the lU’operties of the 7 r-meson are not com- 
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pletely known and part becaui>e the theory is abstract and not ade- 
quately guided by experiment. Very accurate scattering work seems 
to be needed, and this takes time. The large nuclear machines witli 
pulsed beams and fast particles are by no means so easy to use for 
experiments as they might seem. For this reason the twist in tliought 
that will bring the nucleus within the scope of simple ideas has not yet 
been found. 

To leave on this rather unsatisfactory note gives us genuine pleasure. 
This is an age of vanishing frontiers, and it adds a touch of vigor to 
consider that here the frontier is very much present. We doubt 
whether the complete understanding of the atomic nucleus will be 
attained in our lifetime, and this adds considerable zest to existence. 
The feeling of zest is shared by workers in lab coats awaiting the 1000- 
meter beam of the supercyclotron, by workers patiently amassing data 
about cosmic rays, by workers operating calculating machines and 
wearing down pencils. A little of it should have reached the reader. 
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Dates of Some Important Developments 

Discovery of alpha parliclo, Rutherford, 1904. 

Scintillations. Crookes, and Ehlcr and Gcitcl 1903. 

Cloud chamber used for nuclear-particle detection. Wikion, 1912. 

Nuclear atom. Rutherford and Bohr. 1912. 

Continuous beta-ray spectrum. Chadwick, 1914. 

Ruthcrford-Gcigcr counter. 1908. 

Isotopes of neon, Thomson, 1912. 

Thermal diffusion predicted, Chapman. BorvUus, 1915. 

Transmutation of nitrogen, Rutherford, 1919. 

Further transmutations by Rutherford and Chadioick, 1919-1923. 

Mass spectrograph, Aston, 1919. 

Radioactive indicators used, von Hevesy and Panelh, 1913. 

Radio-autographs, Lacassagne and Lattes, 1924. 

Physiological effects of x- and gamma rays discovered, 1898. 

Genetic effect of x-rays, Muller, 1927. 

Oil diffusion pumps, 1928. 

Large water-cooled triodes, 1926. 

Geiger-Muller counter. 1928. 

Cyclotron first described, Lawrence, 1932. 

Transmutation of lithium by artificially accelerated protons. Cockcroft and IP 
ton, 1932. 

Deuterium discovered. Vrey, Brickwedde, and Murphy, 1932. 

Van de Graaff machine, 1932. 

Neutron discovered, Chadwick, 1932. 

Positron discovered, Anderson, 1932. 

Artificial radioactivity discovered, Curie and Joliot, 1934. 

Cyclotron shimming discovered. 1934. 

Large-scale separation of neon isotopes. Hertz, 1934. 

Rubber gasket vacuum seals, 1936. 

Discovery of Na24, p32^ 1935_ 

Discovery of Fe^o, 1937. 

Discovery of Ii3i, I939, 

Theoretical limit to cyclotron energy set at 10 Mev, 1938. 

Crocker Laboratory beam found. 16 Mev. 1939. 

In 1932, no artificial radioactive elements. 

In 1934, 3 artificial radioactive elements. 

In 1937, 190 artificial radioactive isotopes. 

In 1939, 270 artificial radioactive isotopes. 

In 1941, 370 artificial radioactive isotopes. 
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In 1949, 800 artificial ladioactiNC i«o(oj)cs. 

I raninin fission discovortMi, Ihthn nnd Slntssmanu. 1938. 

Ctieinicul exchange tnethod of isotope separation. I'ny, 1936. 

Thermal difTusion nielhod of i.^otope separation, Vlusim atid Uickd, 1937 
Leukemia therapy tried, J. Lawrence. 1938. ’ \ 

Metabolic isotope lability discovereil, Hchnt nhvimt r. 1939, 

Nuclear emulsions ileveloped. Hlan, 1924; 1937. 

Discovery of C»L Ruben and Kamen, 1940. 

Hetatron devclopcil. Kcr.d, 1941. 

M-me.son discovcre<l, Andernan and Slrcel, 1939. 

I’irst scif-siistaineil nuclear cliain reaction. Chicago. 1942. 

Electromagnetic i.sotopi' separation in (luanfitv 1912 
inu.sion method of isotope separation. 1942. 

Large-.scale production of plutonium. 1945. 

First nuclear explosion, 1945. 

Synchrotron principle di.scovered. ;Uc;Ui7/e;,, VeLsUr. 1945. 

Neutron diffraction tried. 1945. 

Photomultiplier scintillation counter, Kalhnann, 1946. 

TT-me.son <liscovercd, Pnwell. 1946. 

Krp(|U<'n.y-mo.luhil(.(l cyrlotion operak-d, kwlmnls,,,,. 1916. 

Synchrotron operated. Lnndtfti. 1946. 

Radioactive isotopes from the pile available, 1946. 

184-in. Berkeley cyclotron operated. 1947. 

Artificial production of Tr-mesons. Gardner and Lattes, 1948. 
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Table of Atomic Si'kcies 


In this section of the Appendix we give u table of atomic species. Of these, 
many are stable, many are nulioactive witli the emission of elections, and many 
are positron emittei-s. These tliree categories almost cover tlie wliole range of 
possibilities, and so we have attempted to make the table as compact as pos- 
sible by indicating wliich of the three apiilies to a certain element, as follows. 
Stable elements are listed in bold-face type. If they are naturally occurring 
but radioactive, this fact is stated. Beta-ray emitters are listed in ordinary 
type, and positron emitters appear in Ualics. The second column of the table 
shows either the abundance or the half-life, according to whether the element 
is stable or radioactive. The last two columns show the energies of the radia- 
tions. Only if the categorical statement appears should it be assumed that a 
blank space means the absence of a radiation; it generally means that the in- 
formation has not yet been obtained experimentally. 

The authors have had much difficulty in deciding what should be the aim in 
compiling this table. The entire list is necessarily incomplete becau.se the ability 
to create and study artificial isotopes is increasing enormously, first, on account 
of nuclear fission, and, more important, on account of high-energy bombard- 
ment which has tremendous power for nuclear synthesis followed by nuclear 
adaptation. We therefore recommend for complete information the article by 
Seaborg and Perlman in Reviews of Modern Physics, October 1948. We wish 
to add our tribute to the service rendered by their compilation of data on radio- 
activity. Anyone intending to do serious research in artificial radioactivity 

should keep his own isotope table up to date with the aid of the current litera- 
ture. 

Our decision has been to include all readily accessible radioactive isotopes but 
to be sketchy on those produced in fission, whether by slow neutrons or ener- 
getic bombardment. We call attention to the considerable extent of gamma-ray 
decay, otherwise known as nuclear isomerism, and many such cases cun be rec- 
ognized jn the table by y. Alpha decay is indicated by o. Under the “particle 
energies column is occasionally an electron released from inside the atomic 

^lells but correlated with gamma radiation, the process of internal conversion. 
Ihe notation ( — ) indicates this fact. 

For many elements the actual decay scheme is quite complex. Original 

souices which are admirably given in Seaborg and Perlman’s article, should be 
consulted for these. 

Not many general rules can be given about atomic species. One simple gen- 

ahty holds, namely, that practically no elements of odd atomic number and 
even mass number are stable. In addition, elements of odd atomic number are 
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foun.l will, .Mil,,.,' <„„■ „„ly, two of nrmly .■<|Ual ..l.iin.lanof. The kmc 

nun.l,e,s of ...olopes a,,, foumi will, even aloni.e nun, her. .\n inlce.slinK ones- 
l,on ,onee,n,s i.s„h, i.solope.s will, ,lille,,.nl alo.nie nuniheis hut the .sinic mass 
nuiuher. Many .sueh e.vamples a,e known, hut im,,st of 11, en, ,li|Ter in aloiuje 
numhe,- hy ,n„,e than one unit. Tliis in.h.-ates that the ehanKc of one isohar 
,1, 0 II, e other .S l,„ns,l,on Ihn.UKl, a IhinI isoha,-, a,„| th,.,e may be in- 

sulheu-n, eneitry hie for the ehanKe. If, howev,-,-. i.soha,-s e.vi.ste.l with 

number .lifl. rinK hy one uml, one wouM p,-,..su,„ahly he ,„o,e stable than 
,< oihe,. ,,n,l the ,|„esl,„,i anses why the liansilion ,lo,-s not lake pla.-e -\elu- 

' '■'■‘I known, for ,-xa„„,le, In't^ „n,l C.|i>:'. ami boll, 

me .Stahl,.. 1 l„s fa,-, ,s p,-ool of llu- e.-visl.-m-,. of shonK sele.-lion ,„les whirl, 

I.i.v Kieally nuahfy, or ev,-n |.|•,■v,■nl. an olhe.wi.se expm-le,! liansilion. In other 

»o„ s. one or 11,,. other of lhe.se pans of i.sohars .s ra.lioaetive, but will, a 
in-Mtly iiWinito hjilMife. 

hv.-n IhouKl, this i.s a ,-ai|„.r ,l„ll ami Io„k table we cannot r.-sisl a short eom- 
m;n„n Its sm-mheanee. Thi.s table is the .-lale whirl, contains the histmy of 
.mth. Ihe p,<.,senl ahun, lance of the el..„„.nls of long half-life tell us its 
Uge. a,-oun, 3 X 10-' yea,-s. The lelat.ve f,-..,,u..n..y of o.-eurrencc of variourism 
topes ,l,,st,-,h,,le.l throughout tell us how elements were put together. This we 
'!« not .vet know, though just ,e,-enlly an attractive hypothesis in terms of 

of "l","', “«<■■■ knowledge 

pologv*''lls 1™!', l"h ‘nfl'n'm-e .-osmology, biolog,v, ami nnthio- 

pol,>g.v. Its <o,„p,|„iio„ ,s therefoie of no mean importance. 
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Niimuek 

0 
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Atomic 

Species 


2 


n' 

H' 

H- 

11^ 

He^ 

He^ 


AhCNDANCE 1*ARTICLE 

OR Half-Life Energies (Mev) Quantum Energies 


’A 


■i 


t) 


II. 

Li'= 

Li' 

Li' 


Be'-* 

P-'" 

B‘" 

B" 

IP- 


lo tn 

99.98' ^ 

0 . 02 % 

12.4 y • 

10-"%, 

100 % 

ALlss five 
missing 
0.8 .s • 

7.9% 

92.1' 

0.88 s 


0.8 


0.019 


3.7 


o 


12.7 followed by 
alpha decay 


K 

100 ', 

X 10" V 

18.8' , 
31.2% 

0.022 s 


0.46 


0.5G 


13.43 




y = yrans); s - 


secomh.s); m = mint, lets); h = hour(s); ,I = day(s) 
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Atomic 

Number 

6 


7 


8 


9 


10 


11 


12 


13 


14 


Atomic 

Abundance 

iV\RTlCLE 


Species 

OR HaLF-I/IFE 

ICnergies (Mev) 

Quantum Energies 

(^•10 

19.1 ti 

2.2 

1.0 

r‘i 

21 .0 m 

0.03 


c‘2 

98. 9 Vo 



c'3 

l-lVo 



Q14 

5000 y 

0.145 



0.012 a 

I6’.6* 


iV'3 

10.1 m 

1.24 


^14 

99.62 Vo 


N‘^ 

0.38% 



NI6 

7.35 s 

10.5, 4.6, 4.3, 3.8 

6.7, 6.2 

NI7 

4.1 s 

3.7, also neutrons 


Qi4 

7fi a 

1.8 

2.3 

0>^ 

12H s 

1.7 


016 

99.767o 



O’’ 

0.04% 



018 

0.20% 



019 

27 s 

4.5, 2.9 

1.6 

pn 

70 s 

2.1 


pis 

112 m 

0.7 


F*® 

100% 



p20 

12 s 

5.0 

2.2 


20.3 s 

2.20 


Ne2o 

90.0% 




0.27% 



Ne22 

9.73% 




40 s 

4.1 


Aa2> 

23 s 




3.0 y 

0.55 

1.3 

Na“ 

100%o 


Na2^ 

14.8 h 

1.4 

2.76, 1.38 

Na=^ 

58 s 

3.7, 2.7 

1.0 


11.6 s 

2.84 


Mg^ 

77.4% 


Mg2» 

11.6% 



Mg®® 

11.1% 



Mg®7 

10.2 m 

1.8, 1.3 



8 8 



A I®® 

7 s 

2.99 


AF 

100% 



AI®® 

2.4 m 

2.75 

1.9 

Al®® 

6.7 m 

2.5 


Si^ 

6 8 

3.7 


Si®« 

92.3% 
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Atomic .\to.mi( 

Abundance 

Particle 

Number Species 

OR Half-Life 

Energies (.\Iev 

Si-® 

4.7%, 


Si'*® 

3.0'( 


Si-^' 

170 m 

1.8 

1 .5 />2® 

.V 

5.6* 


2.5/J m 

3.0 

p.ii 

100%, 


j>:{2 

14.30 d • 

1.71 

16 

2.^ s 



96.0';;, 


S3.3 

0.74';;, 

2 

S-i-i 

4.2' 0 



87 d 

0.17 

S36 

0.016';^ 


s” 

5.0 m 

4.3. 1.6 

17 rp 

2.H s 


fV^'' 

33 m 


Ci-if. 

76.4', c 


C136 

10® y 

0.66, also K and 
posit roll 

Cl” 

24.6':e 


C138 

37 m 

1.1, 3.2, 5.0 

ci-^® 

1 h * 


18 .-1^^ 

1.9 s 

U 

A36 

0.307% 

A” 

3/i.l d 

K 

A38 

0.061% 


A” 

2.5 m 


A40 

99.632%, 


A^' 

1 10 m 

1.2 

19 

7.5 m 

2.3 

K39 

93.3';, 


Kio 

0.012';, 

Naturally radio- 
active, 1.4 eloc 
troll, 0.5 positi 
K 

Kii 

6.7% 


l^TJ 

12.4 h 

3.6, 2.1 

20 Ca"* 

96.96',;, 


Ca’- 

0.64' 0 


Oi'- 

0.16''; 



2.06% 


Ca'- 

^80 d 

0.25 


0 0033'’; 


Ca” 

5.8 d 

1.1 


Nono 


None 


2.6 


1.7, 2.0 


None 


1.37 


1.5 


1.5 


None 


1.3 
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Atomic Atomic 
Ncmbbr Species 

Ca« 

Ca-*® 




Sc** 

Sc*^ 

Sc*^ 

SC^8 

Sc« 

7-^45 

Ti46 

Ti^* 

Ti49 

Ti^ 

TjM 

Ti-M 


23 V*^ 

|r48 

^/49 

yU) 

ybi 

yb2 

24 Cr« 
Cr^ 
Ci-^' 

Cr-2 

CfM 

Cr^ 

CrW 

2.-1 

;U/,S2 

.V»“ 

Mn^* 

Mn« 

26 pe^s 

Fe^ 

Fe66 

Fe" 

Fe^s 


Abi’n'dance Particle 


OR Half-Life Energies 


0.19% 

2.5 h 

2.3 

0.8 .s 

4.9 

13.6 d 

1-4 

4 h 

0.4, 1.4 

52 h 

Isomer 

4.1 h 

1.5 

100% 

85 (i 

0.36, K 

44 h 

0..5. 1.4 

57 m 

1.8 

S.Oh 

1.2 

7.9B^''o 

7.75'o 

73.46% 

6.61*;, 

6.34% 

G ni 

I.somiT, 1.6 

72 (1 

0.36 

600 d 

A.' 

16 d 

1.0 

33 m 

3.7 h 

1.9 

100% 

3.9 m 

2.05 

46 in 

4.49% 

26.5 d 

83.77% 

9.43% 

2.30% 

2 h 

Also K 

4^ in 

2.0 

2t m 

0.6, K 

6.6 d 

0.77 

310 d 

K 

100% 

2. .59 h 

2.8, 1.0, 0.7 

8.9 m 

6.04% 

4 y 

91.67% 

2.11% 

0.28% 

K 


(Mev) Quantum Energies 
0.8 


LO 

0.26 


1.1, 0.9 

0.9 

None 


1.0 

None 

1.06 


0.32 


1.4, 0.9, O.'T, 0.4 
1.0 
0.86 

0 . 8 , 1 . 8 , 2.1 
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' Atomic 

Abundance 

Ni'MBER SpE<’IES 

on Half-Life 


F,.-9 

47 (I 

27 

( 'n^-^ 

IS.2 ft 


( 

72 d 


Co-'- 

0.17% 


( 'o^' 

270 d 



72 d 


Co^» 

99.83% 


Co*^ 

‘1.3 y 


Cn^ 

10.7 m 


C(>«' 

1.75 h 

28 

A-/'-' 

2 m 



QS.O^^h 


A'/r.9 

Sf! h 



27.2',, 



0.1' „ 


Ni.v> 

3.8'';, 


Ni*'-* 

2.G h 


Nifi4 

0.9%. 



2.() h 

20 


iO m 


r(c'» 

SI .s- 


r,/-® 

25 m 



3.’, h 



10.5 in 


Cu®" 

68'„ 


Cu«^ 

12.8 h 


Cu'^'* 

32';. 



5 in 

80 


/// 


2n'' 

60.9';, 



2~d) d 


Zn'*'- 

27.3' ; 


Zn"' 

3.9';, 


Zn"’' 

17.4' , 


Zn'''-* 

I8.S h 


Zn'-'* 

57 III 


7.n'" 

0.6'; 

81 


;.v m 


(r',r'‘ 

15 in 



; ft 


■ 

<3 ft 


a.,'" 

f’S III 


Ga'"-* 

60.2' ; 


Gu- 

20 !H 


Particle 

Energies (Mev) 

Quantum Energies 

0.26, 0.46 

1.1, 1.3 

1.50 

O.ld, 0.21, O.S, 1.2 

1.2 

1.05 

0.2fi 

O.i 

0.6 

0.31 

1.16, 1.32 

1.1 

None 


0.67 


1.0 

l.l 


l.S, 3.3 

1.5 

0.9 

t\one 

2.6 

0..")8, also posi- 

Woak 1.35 

Iron, 0.66, K 

2.6 

1.3 

2.3 

UVgA* 1.0, 2.9 

O.'i 

n.^i, 0.65, 1.1 


IsonuT 

0. 17 

1.0 

None 


A’ 

0.052^, 0.117 

3.1 


K 

O.IS, 0.30 

1.9 


1.7 
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NcMBBR Sl’Er'IKS 

Ga*' 

Ga‘=-’ 

Ga-^ 


32 Ge®® 
Ge'-' 
Gcfi" 
Ge‘« 
Ge'* 
Ge'* 
Ge''^ 
Ge^3 
Ge'^ 
Gc^^ 
Ge'« 
Gc'^ 
Gc'7 

33 A. s'* 
A.s-^‘ 
A .■■'2 

A.s-''=> 

As’-* 

As’^ 

As” 

As’^ 


34 56’* 

5e’2 
5e’» 
Se’^ 
Se’^ 
Se’« 
Se” 
Se” 
Se’* 
Se*« 
Se** 
Se*' 

Se*2 

St'*--* 

Se“ 

Se«^ 


35 /ir’^ 

Br’6 
£fr” 
«r’» 

Br’® 


Abundance Partk le 

OR Half-Life Lnergies (Mev) (Quantum F'nf.rgies 


39.8% 

14 h 

2.4, 0.8 

2.4. 0.8. 0.0 

5 h 

1.4 

None 

140 m 

2S in 

250 il 

21.2' e 

K 


11 tl 

Isomer 


2,0 h 

27.3% 

1.2 


7.9% 

37.1% 

89 m 

1.1 


6.6% 

12 h 

1.9 


59 s 

2.8 


52 in 
fiO h 

K 


26 h 

2.8 

2.4 

90 d 

K 


18 d 

1.3(-) 0.9(-f-) 

0..5S 

100% 

40 h 

0.8 


80 m 

1.4 

0.27 

44 in 

9.5 d 

K 


7.0 h 

1.2.9 


0.87% 

123 d 

9.02';, 

K 

0.40, 0.28, 0.13 

7.68% 

17.5 s 

23.62' c 
49.82' t- 

59 m 

0.13 

0.15 

18 III 

1.5 

None 

9.19%> 

07 s 

3.4 


27 m 

4 m 

1.5 

1.1, 0.37, 1.1 

1.7 h 

1.6, K 

None 

15.7 h 

3.15, also 0.18( — ) 

2 

57 h 

0.36 

0.7 

6.4 ni 

60.6% 

2.3 

0.1, 0.05 
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.VroMK’ 

.\BI-.\D.A.N(K 

H.ARTirKK 

'SI MHEB Sl'K< IKS 

OR H.akp-Lii-'k 

Knkrgiks (.Mev) 

Hi''* 

4.4 b 


Hr'" 

18 in 

2.01 - t 0.73( -t-> 

Br'" 

49.6' , 


Hr'- 

34 h 

0.47 

Hr'* 

2.4 h 

1.0 


30 III 

5.0 

Br'*^ 

3.0 rn 

2.5 

Br"' 

.55 s 

0.25. followed by 
neut roil 

Br^- 

4.5 s 

0.43, followed by 
neutron 

Hr"*' 

10 s 


3(i A'r-' 

t.l h 

K 

Kr*' 

0.342',, 


A';'" 

S', h 

a St, (t.fS, 0.',, K, 0 

Kr'" 

2.22' , 


Kr'’ 

11.60' , 


Kr'^ 

11.48' 


Kr" 

1 1 3 III 


Kr'* 

67.0' , 


Kr''- 

9.4 V 
• 

0.74 

Kr'*- 

17.43'’i, 


Kr'* 

74 m 

4 

Kr'' 

3 )i 

2.5 

Kr'3 

2.0 in 


Kr«' 

33 .s 


Kr-" 

7 s 


Kr'^’ 

•> •< < 


Kr^i 

2.2 s 


Kr‘-'^ 

1.4 .s 


37 /i*5'' 

•7.0 A 

0..'/, 0.2t-) 


r >. ; h 

(tst 


;o it 


Rb'- 

72.8', 


HI.''’ 

I9..5 .1 

l .S, 0.7 

Rb'- 

27.2' , 

(t: X /r^’" V, 

• • 

naturally 
active i 

o.ts 

f;f." 

1 7. .5 III 

4.9 

HI,'* 

15 Ml 

3.8 

3S Sr^' 

0.66' , 


Sr" 

'0 in 


' 

3 ,/ 

K 

Sr'" 

J.86' , 


Sr'- 

J.7 li 



Quanti'm Energies 
0.4 

1.35, 0.79, 0.55 
None 


None 


None 


O.S 

t.O 

1 08 


0.17 

0.S 


0.37 
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Atomic Atomic Abundance 

Number Species or Half-Life 



7.02% 


82.66% 


54 d 

8r^ 

25 y 


10 h 


2.7 h 

Y87 

14 h 

y'87 

80 h 

ySS 

2.0 h 

yS6 

105 d 


100% 

ydO 

62 h 

Y^i 

51 m 

ySl 

57 d 

Y92 

3.0 h 

Y^3 

10.5 h 

Y^4 

20 m 


Particle 

Energies (Mev) Quantum Energies 


1.5 

None 

0.6 

None 

3.2, 1.3 

1.3 


0.5 


K 


1.5 


0.8 

2.7, 1 

2.3 

None 


0.61 

1.5 

None 

3.5 

1.0 

3.1 

0.7 


40 

Zr« 

2r®* 

Zr®^ 

Zr®^ 

2r9s 

Zr®^ 

Zr®’ 

41 Cb®® 
Cb®‘ 
Cb®2 
Cb®2 
Cb®3 

Cl>®^ 

Cb®‘ 

Cb®5 

Cb®^ 

Cb®6 

Cb®7 

Cb®s 

42 Mo®2 
J/o®3 
Mo®^ 
Mo®= 
Mo®® 
Mo®’ 
Mo®^ 
Mo®® 


80 h 

61.46% 

11.23% 

17.11% 

17.40% 


1.1 


None 


65 d 

1.0, 0.4 

0.9. 

2.80% 

17.0 h 

2.2 

0.8 

16.0 h 

1.0 

1.0 

62 d 


0.9, 

10.1 d 

1.38, 0.59 

1.0 

21.6 h 

1.2 

0.6 

100% 

6.6 m 

1.3 

1.0 

>104 y 

87 h 


0.2 

35 d 

0.15 

0.77 

3 d 

1.8 

1.0 

68 m 

1.4 

0.8 

30 m 

16.86% 

6.7 h 

0.7, 0.3 

1.6 


16.7% 
16.6% 
9.46% 
23.76% 
67 h 


1.4 


0.8, 0.4 
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AioMif Atomic 

Ncmbek Spkcibb 

Mo"« 

Mo'"' 

43 7V-®- 

7-^.94 

Tc^'^ 

Tc®'’ 

T,.9' 

Tc®' 

Tc®" 

T(*»» 

T(.99 

Xc'oo 

Tc"" 


44 /eM"- 

Ru'-'" 

Ru"^ 

Ru"® 

RuHK) 

Ru'"' 

Ru'"'^ 

Ru"^' 

Rii'"" 

Uu'"* 

45 lih^^ 
Rli'"' 
/«*/('"- 
Rh'"' 
Rh'*^ 
Rh"" 
Rli'"‘ 
RIi'"'- 
Rh'"« 

46 />r/"« 
Pd'"- 

Pd'ai 

Pd'"'- 

Pd""'- 

Pd'o^ 

I»,|109 


Abcndaxcb 

Pauticlb 


OR Half-Lifb 

Enbrgie.s (Mev) 

Quantum Energies 

9.62% 


. 

14.6 ni 

2.2, 1.0 

0.9, 0.3 

/f.o m 

4-3 

1.3 

53 rn 


0.0334 

25 m 

2.47 

2.7, l.S, 1.5, 0.9, 0.4 

5/} d 

0.4 

1.1, O.S, 0.0, 0.2 

20 h 

K 

1.0, 0.9, 0.7o 

4.3 (1 

0.6 

1.1. 0.8. 0.3 

90 <1 


0.108 

> 1 00 y 

2.7 i\ 

1.3 

1.0 

6.0 h 


0.14 

9 X 10* V 

0.3 

None 

SO s 

2.3 

0.6 

1 4 m 

1.3 

0.3 

IMo h 

i.l 

0.95 

6.68% 

2.S d 

K 

0.23 

2.22% 

12.81% 

12.70' o 

16.98% 

31.34' f, 

42 ,1 

0.8, 0.3 

0.6 

18.27% 

4.5 h 

1.4 

0.7 

1 .0 y 

0.03 

A 

None 

20 h 

3.0, 0.6(-) 

/..S'. 1.2 

5 (1 

K 

0.35 

210 d 

/./J, l.O(-) 


lOO'o 

55 m 

0.03 


4.2 m 


0.06 

44 s 

2.3 

0.9, 0.2 

36 h 

0.7 

0.3 

30 s 

3.5, 2.3 

1.25, 0.73, 0.5 

',.0 d 

K 

l.S, 0.09 

!t h 

2.3 

Soue 

0.8' o 

!7 d 

K 


9.3'o 

22.6'-^ 

27.2';, 

26.8' , 

13 h 

1.0 

None 
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Number 






Atomic 

.\bI-.\1>ANc K 

Pari K LE 

Species 

OR Half-Iake 

K.nergies (Mev) 

p^iio 

13.6'o 


pjiii 

26 m 

3.5 

P(l"- 

21 h 

0.2 


-iO d 

K 


Z’i.o m 

Z.O 

Ag*"® 

8 d 

K. 1.2(-) 

AgK>7 

61.36% 



2.3 m 

2.8 

AgJ09 

48.66%, 


Ag"** 

24 s 

2.6 

Ag”« 

225 d 

1.3, 0.6, 0.4 

Ag“‘ 

7.5 d 

1.0 

Ag'*-^ 

3.2 h 

3.6 

Agii3 

5.3 h 

2.2 


1.21%, 


f.^107 

fi.T h 

0.32, K 

Cd'°^ 

0.876%. 


(-.^109 

330 d 

K 

Cd>'0 

12.39%o 


Cd»> 

12.76% 


Cd"2 

24.07% 


Cd”^’ 

12.26% 


Cd“^ 

28.86% 


Cd”'^ 

2.33 d 

1.25, 0.6 

Cd“s 

43 d 

1.85 

Cd"6 

7.68% 


Cd"^ 

170 m 

1.5 


6 h 

2 

/«"o 

65 m 

1.6 

In"! 

2.7 d 


I„112 

20 m 



9 m 

1.6 

In"3 

105 m 


In!'3 

4.23% 


In!'^ 

48 d 


In!»^ 

72 s 

2.0 

Iniis 

4.0 h 


In"^ 

96.77% 


Inii6 

13 s 

2.8 

In!!6 

54 m 

0.85 

In"^ 

117 m 

1.73 

Sn'*2 

0.90% 


Sn"3 

105 d 


Sn"^ 

0.61% 


Sn"- 

0 . 36 % 



If A X r i M K s t: R( j 1 1 ;>. 


None 

0.h\ 0. 0.3 
None 

1.6, 1.0, 0.7 


1.4, 0.9, 0.7 
None 
0.9 
N(jne 


0.8 


06 

0.5 


0.5 

0.25. 0.17 
0.16 

0.39 

0.19 

0.34 

None 

2.3, 1.3, I.l, 0.4 
None 
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Abundance 

Particle 


Number Species 

OR Half-Life 

Energies (Mev) 

Quantum Energie 


Sn'16 

14.07% 





7.64 %> 




Sn"» 

23.98% 




Sn"« 

8.62% 





33.03% 





27 h 

0.4 

None 


Sn'22 

4.78% 




Sn‘24 

6.11% 





10 m 

2.0 

0.7 

51 


3.4 "i 

3.1 




39 h 

K 

None 


.S’6‘20 

17 m 

1.53 




6(1 

K, (-) 

1.1 


Sb*''' 

67.26^0 




Sl)'22 

3.5 m 


0.14 


Sl)'22 

2.8 tl 

1.9, 1.4 

1.0. 0.6 


Sb'23 

42.76% 




60 (1 

2.4, 1.6, 1.0. 0.6 

2.0, 1.7, 0.7, 0.6, 0.1 



21 in 




Sl>'2' 

1.3 in 

3.2 



Sb‘2& 

2.7 y 

0.7. 0.3 

0.6 


Sb>27 

92 h 

l.l 

0.7 

52 

T,Jit> 

4.5 (1 

0.5, 0.2 

1.4 


Te^2o 

0.091*0 




Te'-‘ 

143 d 


0.2, 0.16 


To'-‘ 

5 X 10'» s 


0.23 


7^^121 

1? tl 

A' 

0.6 


Te‘^2 

2.49% 




Tei23 

0.89% 




Te>^^ 

4.63% 




Te'2^ 

7.01^^, 




Tei2G 

18.72*^ 




Tc‘27 

9.3 h 

0.8 

None 


Tel-”* 

31.72% 



Ti.>29 

72 m 

1.8 

0.8, 0.3 


Teiw 

34.46% 




To>31 

25 m 




Tc'32 

'p^.iaa 

77 h 

GO ni 

0.36 

0.2 



43 m 



53 

^12-1 

d 




yl25 

56 d 

A* 

iVonc 


1 1/D 

13.0 d 

1.1 

0 5 


Jl27 

100% 




|128 

25 m 

2.0. 1.6 

0.4 


]130 

12.6 b 

1.0. 0.6 

0.7, 0.5, 0.4 
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Number Species 



54 Xe'2^ 
Xe‘2« 

Xei29 

Xe'^° 

Xe'3> 

Xe'32 

Xe‘33 

Xe*3^ 

Xe»36 

Xe>37 

Xe^*3 

55 rs*®2 

Cs*33 

Cs‘36 

Cs>^’ 

Cs»38 

56 Ba‘30 

Ba‘32 

Bai34 

Bai35 

Ba*3^ 

Ba’^s 

Ba>»’ 

Ba*37 

Ba^^s 

Bai« 

57 

Lai36 

La*^8 

La*39 

La*« 

La>« 

58 


Abundance Particle 


OR Half-Life 

Energies (Mev) 

Quantum Energies 

8.0 d 

0.595 

0.367, 0.080 

2.4 h 

2.2, 0.9 

1.4, 0.6 

22 h 

1.4 

0.55 

6.7 h 

1.4, 1.0, 0.5 

2.0, 1.27 

0.094% 

0.088% 

1.90% 

26.23% 

4.07% 

21.17% 

26.96% 

5.3 d 

0.34 

0.085 

10.64% 

9.2 h 

0.93 

0.25 

8.96% 

3.8 m 

4.0 


41 s 

7.1 d 

K (0.6 -) 

0.62 

100% 

2.3 y 

0.65 

1.35, 0.8, 0.6 

13.7 d 

0.3 

1.0 

37 y 

0.55 


33 m 

2.6 

1.2 


0.101% 

12 d 

K 

0.097% 

38 h 

30 y 

K 

2.42% 

28.7 h 

6.69% 

7.81% 

2.6 m 

0.6(-) 

11.32% 

71.66% 

84 m 

2.3 

308 h 

1.0, 0.4 

19 h 

K 

2.1 h 

0.8 

0.089% 

99.911% 

40 h 

2.1, 1.4, 

3.7 h 

2.9 


1.7, 0.5, 0.22 
0.30 

0.5^ 

0.34 

0.66 

1.0, 0.16 
0.5 

0.9 

None 

■9 2.3, 1.6, 0.9, 0.5 


0 . 193 % 

86 h K 


0.75, 0.3 
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Ce'-'o 

Cr’-*' 

Ce'^- 

Q.H 3 


Abundance Particle 

OR Half-Life Energies (Mcv) Quantum Energies 


0.260', 

140 (j 

K 

1.8, 0.2 

88.48' „ 

29 cl 

0.6 

0.2 

11.07',. 

34 h 

1.3 

0.5 

280 <1 

0.3 

None 


r >9 


00 


61 


62 


6 :{ 


Prill 

Pr"* 

A'f/'" 

Nd'^“ 

Nd"^ 

Nd'" 

Nd’-*-’ 

Nd'^® 


3.5 in 
100 ^, 
19.3 h 
13.8 d 
17.') in 

S. ', h 

27.13% 

12.20' o 

23.87% 
8.30' p 

17.18' o 


2..J 


2.1 

1.0 

3.05 

0.S, K 


Nd'^' 

11 d 

0.9, 0.4 

Nd’^" 

6.72' „ 


Nd‘^3 

1.8 h 

1.6 

Nd‘'*« 

6.60' , 


Nd‘-’«- 

5 X lO'" y 

0.011 


300 ii 

K 

Pm"’ 

3.8 V 

A 

0.22 

Pm'" 

5.3 d 

2.3 

Pm"» 

47 h 

1.1 

Sm"‘ 

3.16% 


Sm"’ 

16.07' o 


Sm‘" 

11.27' „ 


Sm'" 

13.84',. 



7.47' ,, 


Sm'" 

20 >' 

0.06 


26.63' , 



1 .0 X i0'~ y, a 

2.1a 


47 h 

0.78 

Sm'^^ 

22.63',. 


Sm'f’^ 

25 m 

1.9 

Efc"’ 

(/ 


El/''® 

i; d 



■27 h 


Eu'" 

47.77',; 


Eii'-''^ 

0.2 Ii 

1.88 

Ell’''*- 

Lon^ 

0.75 

Eu':>3 

62.23' , 



1.7 
None 
1.2, 0.2 

l.O 


0.6 


Naturally radioactive 

0.7 

None 

O.S 

0.25 


Naturally radioactive 

0.6, 0.1 

0.3 


0.72, 0.16, 0.12 
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Atomic 

Abundance 

Particle 


Number Species 

OR Half-Life 

Energies (Mi 

L*v) Qu. 



7y 

0.9 

1.2, 


Eu‘®® 

2.5 y 

0.2 

0.08 

64 


0.20% 





155 d 

K 

0.27 


Gd'^^ 

2.16^0 




Gd'®® 

14.78% 




Gd'^® 

20.69^0 




Gd*'*' 

16.71% 




Gd'"'' 

24.78' 0 




Gd**^^’ 

21.79% 




Gd'®> 

18 h 

0.85 

0.3 


Gd*®* 

4.5 m 

1.5 

0.37 

65 


17.2 h 

2.6, 0.2 

l..'t 


TO®® 

i y 

K 



Tb'®® 

100%) 




Tt,i®o 

3.9 h 




XI, 160 

73 d 

0.9, 0.55 

1.15, 


T[,161 

5.5 d 

0.5 

1.3 

66 

Dy*®® 

0.0624% 




Dyl^S 

0.0902% 




DylCO 

2.294% 




Dy'®> 

18.88% 




Dyl62 

25.63% 




Dyl63 

24.97% 




Dyl64 

28.18'/o 




Dy*®® 

145 m 

1.25, 0.9, 0.4 

0.7, 0 

67 

//o‘®3 

7 d 

K 



Ho>®^ 

35 m 

0.7 



Ho*®® 

100% 



Ho*®® 

27 h 

1.8 


68 

Er*®2 

0.1% 




EP®-* 

1.6% 




EP®® 

1.1 m 




69 


EP®® 

EP®7 

EP®8 

EP®9 

EP'O 

EP7i 

rm'®® 

Tm^®® 

Tm>®9 

Tm>'o 


32.9% 

24.4% 

26.9% 

9.4 d 
14.2% 

7.5 h 

7.7 h 
9 d 

10^ s, -y 

100 % 
127 a 


0.3 


1.0, 1.0, 0.7 

2 . 1 , 0.2 

K 


None 

0.8, 0.3, 0.1 
1.5 

0.9, 0.2 


1.0 


0.8 
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Particle 


Number Species 

OR Half-Life 

Energies (Mev) 

Quantum Energies 


Tm''> 

2.5 X 10^® S, a 


0.1 



500 d 

0.1 


70 

Yb>68 

0.06% 





33 d 

K 

0-4, 0.2 


Ybi'O 

4.21% 



Yb''i 

14.26% 




Yb>72 

21.49% 




Yb>73 

17.02% 




Ybn4 

29.68% 




Yi,n5 

99 h 

0.5, 0.13 

0.35 


Yb'76 

13.387o 





2.4 h 

1.3 


71 


2.15 d 

1.7 

1.6 



9d 

0.17 

0.8 


Lu*’^ 

97.6% 





2.6 %„ 

0.3 

0.3, naturally radio- 



7.3 X 10'^ y 


active 



3.7 h 

1.1 

None 


Lu'^’ 

6.8 h 

0.45 

1.3, 0.2 

72 

Hfi74 

0.18% 




//yI7S 

70 d 

K 

1.5, 0.3 


Hfne 

6.30% 




18.47% 




Hfns 

27.10% 




Hfno 

13.84% 




Hfiso 

36.117o 




IlflSl 

50 d 

0.46 

0.5, 0.35, 0.13 

73 

7^^176 

8h 

K 

1.7 



2.7 d 

K 



8 h 

K 



Tr'« 

2.0 X 10~^ s, y 


0.472, 0.13 


Ta'«' 

100% 



Th'H2 

117 d 

I.O 

1-2, 1.1, 0.2, 0.15 

74 

W>«) 

0.122% 




ipisi 

/-;o d 

K 

1.8, 0.14 


W‘"- 

26.77% 




14.24'-^ 




-^1.4 

30.68% 




^yiss 

73 d 

0.42 

None 


yyl86 

29.17% 




\V187 

24.1 h 

1.3, 0.6 

0.7, 0.5, 0.13 

75 

/?(•>«- 
A « A 

6.i h 

K 

1.52, 0.22 



50 d 

0.2, K 

1.0, 0.17 



37.07% 
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Atomic Atomic 
Number Species 


1^188 

76 

0^185 

Os'®® 

Os'®7 

Os*®® 

Os’^® 

Os>«o 

Os*®* 

Os*®2 

Os*®® 

77 /r*®o 
IP®* 
Ir*®2 
IP®® 
IP®® 

ip94 



PP®* 

ptl92 

p;193 

ptI94 

ptl95 

Pt>®6 

Pt*®® 

Pt*®7 

ptl97 

Pt*®® 

Pt*®® 


79 Aw*®2 
Au*®® 
Au>®^ 
Au*®® 
Au*®® 
Au*®® 
Au*®^ 
Au*®*' 
Au*®® 
Au*®® 

80 Hg*®® 

W®^ 


Abundance Particle 


OR Half-Life Energies (Mev) Quantum Energies 


93 h 

1.07 


0.6 X 10-®s, 

y 


62.93%, 

4 X 10*2 y 

0.043 

Naturally radioactive 

19 h 

0.018% 

2.0 

1.4, 0.9, 0.6, 0.5, 0.18 

97 d 

1-69% 

1-64% 

13.3% 

16-1% 

26.4% 

K 

0.76 

15 d 

41.0% 

0.15 

0.12, 0.039 

32 h 

1.5 

1.6 

W.7d 

38.6% 

K 

0.25 

1.5 m, y 


0.06 

70 d 

61.6% 

0.7 

0.6, 0.46, 0.30 

19 h 

2.2 

1.3.5, 0.4 

3 d 

0.78% 

K 

1.6, 0.6 

4.3 d 

32.8% 

33.7% 

24.4% 

K 

1.6, 0.18 

80 m, y 


0.34 

18 h 

3.3 d, y 

7.3% 

0.7 


31 m 

1.8 


4.7 h 

K 

2.3 

16.8 h 

K 


39.5 h 

K 

1.6, 0.3 

186 d 

14 h 

K 

1.6, 0.19 

5.6 d 

100% 

0.4 

0.3, 0.14 

7. 6 s, T 


0.27 

2.7 d 

0.96, 0.60 

0.41, 0.16 

3.3 d 

0.16% 

0.38 

0.3 

23 h 

K 

0.16, 0.13 

64 h 

K 

0.07 
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Atomic Atomic 

Abundance 

Particle 


Ni'mber Species 

OR IIai.f-Like 

Kneroies (Mev) 

Quantum Energies 

Hgl9« 

0.3 X 10'*^ S, y 


0.4 


10.1^, 



Hg>99 

17.0' f, 



Hg^oo 

23.3' 



Hg202 

29.6' , 



11^203 

40 .1 

0.2 

0.3 

Hg'-’o* 

6.7', 




5.5 in 

1.62 


81 7V'»^ 

l.S h 

K 

1.3 


7 h 

K 

1.0 

yY’iW 

27 h 

K 

0.4 


11.8 d 

K 

0.4 

'pj'io:? 

29.1' „ 



q'jiOl 

2.7 y 

0.8 

None 


70.9' , 




4.2 in 

1.7 

None 

TI-'*7 (AcC'") 

4.70 rn 

1.47 


Ti-'OK ,TliC'>> 

3.1 Ml 

1.72 

2.02 

'pj-ma 

2.2 in 

1.8 


TI-"’ (HaC") 

1.32 111 

1.80 


82 

52 li 

K 

0.45 

Pb'"‘ 

1.6' „ 




08 ni. y 


1.1 

pb-'"' 

23.6' „ 



Pb-"' 

22.6'o 



Pb-*'" 

62.3''i, 




3.3 h 

0.7 

None 

PIr‘® (Hal)) 

22 V 
% 

0.025 

0.047 

PIr" (ArH) 

30 III 

1.4. 0.5 

O.S 

Pi.-'- (TIiH) 

10.0 h 

0.30 


Pl.-'^ (HaH) 

20.8 in 

0.05 


83 Hr*" 

13 h 

K 


Hr'"' 

a./, d 

K 

0.74 

Br"^ 

100' 



lii-'*' (UnE) 

5 d 

1.17 

None 

Hi-" (AoC) 

2.10 m, « 

0.02ot 


Hi-'- (ThC) 

00.5 in, {» 

O.OStx 


Hi-'-‘ 

47 in 

1.3 


Hi-'^ atnC) 

10.7 in, a 

5.5tt 

l.S 

84 r, 

i) (l, iiUo a 

A’ o.Soi 

O.S 


6.7 h 

A 

l.S 

Po''"^ 

3 y, cc 

5. 1 4rt 

None 

Po-‘" 

138 d. « 

5.3a 

0.7 weak 

Po-" lArC') 

5 X 10 =' s. « 

7.434« 


Po-‘- (ThC) 

3.0 X 10 ' s, u 

8 . 1 t lk» 
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Atomic 

N UMBER 


Atomic 

Species 


Abundance 
OR Half-Life 


Partici.e 
Energies (Mev) 



Po213 

4.2 X 10-«s, a 

8.336a 


Po-’-* (RaC') 

1.5 X lO^^s, a 

7.68a 


Po2i5 (AcA) 

1.8 X 10-3 s, ^ 

7.36a 


Po2i® (ThA) 

0.16 s, cx 

6.77a 


Po^is (RaA) 

3.05 rn, a 

6.0a 

85 


8.3 h 

A' 



7.5 h, 40%a 

A', o.SOcx 


At-'^ 

10-^ S, a 

8.00a 



3 X 10-* s, a 

7.79a 



0.018 s, a 

7.02a 

86 

Au2‘9 

3.92 s, tx 

6.82a 


Tu219 

54.5 S, a 

6.28a 


Rn222 

3.825 d, a 

5.49a 

87 

Fr223 (AcK) 

21 m 

1.2 

88 

Ra223 (AcX) 

11.2 d, a 

5.7 


Ra”^ (ThX) 

3.64 d, a 

5.68a 


Ra‘^2a 

14.8 d 

0.1 



1622 y, a 

4.79a 


Ra22S (MsTh) 6.7 y 

0.05 

89 

Ac225 

10 d, a 

5.8a 


Ac222 

21 y 

0.01, also 4.9 


Ac228 

6.13 h 

1.55 


Quantum Energies 


90 


91 


92 


(McTha) 

Th227 (R.iAc) 18.6 d, a 
Th 22 s (RjTh) 1.9 y 
Th229 7000 y, a 

Th230 do) 8.0 X 10^ y, « 
Th23i (UV) 25.5 h 


6.05a: and others 
5.42 

5.0q: and others 
4.66« 

0.2 


Th232 

TIi233 

Th^^-" (UXi) 

Pa2.io 

Pa23i 

Pa232 

Pa233 

Pa23-» (UZ) 
Pu23-> (UXa) 

U233 

U->34 


100 % 

23.0 m 

24.1 d 


17.7 d 

3.4 X 10^ y. « 

1.32 d 
27 d 

6.7 h 
1.14 m 

1.6 X 10® y, a 

0.0061% 


1.2 

0.2 


1.1 

5.01a:, and others 

0.3 

0.4 

1.55, 0.56 
2.3, 1.52 

4.82a 


1.0 


0.09 


0.19, naturally radio- 
active 

Naturally radioactive 
0.04 

Naturally radioactive 

Naturally radioactive 
Naturally radioactive 

Naturally radioactive 
0.035, naturally 
radioactive 

None 

0.09, naturally radio- 
active 

0.9 

0.3. 0.095, naturally 
radioactive 
1.0 

0.3, 0.084 
0.70 
0.8 

0.3, 0.08, 0.04 
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Atomic 

Atomic 

Abundance 

Number 

Species 

OR Half-Life 


(Uri) 

2.35 X 10" V. a 


U236 

0.71% 


(AcU) 

8.9 X 10* y, a 


U237 

6.8 d 


0238 

99.28 <^^0 


(Ui) 

4..5 X 10* y, a 


02.19 

23.0 m 

93 

Np-^^ 

-fSo <i 


J^p236 

22 h 


Np237 

2.2 X 10^ y, a 


Np23S 

2.1 a 


Np239 

2.33 d 

94 

Pu238 

92 y. a 


py239 

2.411 X 10^ y, a 

93 


12 h 


.lm2« 

m h 



490 y. « 


Ain2« 

16 h 



400 y, a 

96 

Cm2« 

26.8 <1, a 


Cm2« 

150 d. a 


Particle 

Energies (Mcv) Quantum Energies 


4.76a 

Naturally radioactive 

4.56a 

Naturally radioactive 

0.25 

0.26, 0.24, 0.06 

4.18a 

Naturally radioactive 

2.06, 1.12 

0.92, 0.08 

K 


0.5 


4.77 


1.39. 0.22 

1.2, 0.075 

0.68. 0.33. 0.09 

0.27. 0.23, 0.06 

5.5ia 


5.15a 


K 

0.29 

K 

1.3 

5.48a 

0.06 

0.8 


6.26a 


6.08a 




APPENDIX 3 

Commonly Used Radioelements 


The e ements available from the Isotopes Division of the Atomic Energy Commission 

can all be classed as m common use. We list here those which arc u^ed to a eon 

siderable degree The letters eye follow any isotope which is available only if charged 
particle bombardment can be used. tnargta 


Element 

H3 

QU 

eye 

Na24 

p32 

S 35 

Cp8 eye 

K42 

Ca« 

Mn®® eye 

Fe®® 

Co®6 eye 
Co®® 

Cu®< 

As’® 

Br82 

Jl3l 

Au*®® 


Half-Life 

12.4 y • 
5000 y 
3.0 y 

14.8 h * 

14.3 d • 
88 d 

37 m * 

12.4 h 
180 d 

2.6 h 

4 y 
47 d 
72 d 
5.3 y 

12.8 h 

26.8 h 
34 h 
8.0 d 

2.7 d 


• y = year(s); h « hour(s); d 


Electron Energies 
0.019 
0.145 
0.6 

1.4 
1.7 
0.17 

4.9, 2.9, 1.2 
3.6, 2.0 
0.25 

2.8, 1.0, 0.7 
K 

0.46, 0.26 
1.6 
0.3 

0.66, 0.58 

3.0, 2.4, 1.2 

0.7 

0.7 

0.96 

= day(s); m = minute(s). 


Quantum Energies 

None 

None 

1.3 

2.8, 1.4 
None 
None 
2.2, 1.6 
1.6 
None 

2 . 1 , 1 . 8 , 0.8 

1.3, 1.1 

3.2, 2.5, 2.0, 1.7, 1.3, 0.8 

1.16, 1.32 

None 

1.7, 1.2, 0.6 

0.65 

0.4 

0.4 
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Absorption of Beta Rays 


To understand the ahs()r[>ti«>n t»f thi- continuous beta rays emitted by a radioactive 
substance two relations need to be known. 1 lie first is tlie energy distribution of 
tlie electrons t lieins{*lv<‘s, and the second is tlie relation between the eiUTg;j’ of an 
electron and the thickness of absorber which it will traverse. Neither of these is 
particularly simple if one aims at very rigorous consideration of absorption, but both 
ean be approximated so as to be very u.sefui in designing experimental equipment 
and technique. 

We have stall'd in the text that beta rays have a maximum cnerg>' for any one 
element. Suppose that this is A’„, .Mev. Also suppo.se that the probability of emis- 
sion of electrons of energies between the values E and E ^ dE is IT. Then the 
Fermi theory' gives the following expression for U'. 


ir = .1(E) ‘^(1 + 2E)(1 + EV\E,n - E)2,/E 


( 1 ) 


This is not exact but is within 2 per cent. In this formula .-1 is a constant for any 

one element. To the degree of apfiroximat ion usually needed for radioactive tracer 
work this can be replacetl by 


ir = R(Ek3 + 2E)(E„. - E)-dE 


( 2 ) 


This can be relied on to about 15 per cent for values of E less than 2 Mcv. The 
greatest deviation from this formula is introducetl by the method of supporting the 
radioactive source. If the support is thick there is a considi'rable amount of scatter- 
ing of the electrons by the support, ami this changes the energj* distribution. In 
the above C(|uation li is again a constant for any one element. 

In C hapter 7 we briefly ilisi'usseil the absorption of la'ta rays and gave a rough 
beta-ray formula, lids is approximately true for all kinds of absorbing material, 
but if aluminum is u.se<l a rather better accuracy can be obtained by using an empir- 
ical relation first giv'cn by heather and improvetl by Witldowson and Champion. 
This is 

li = 0.53tiE - O.Ui5 (3) 

w lu'rc R is the range, or thic'kness just penetrable, measured in grams [X>r square 
centimeter. If the render is preparetl to use tliese two formulas he ean get a reason- 
able idea of tlie relative counts for different thieknesses of absorbing material. 

W iuTe two groups of beta rays are bumd the eorrei't proeeduix' is to treat each 
group as having its own separate maximum energ>’ and add the results, .\etvmlly a 
practical average (an be taken by treating the element as if it had one maximum 
energy which is the average of the two most energetic groups. 
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Absorption of Gamma Rays 


If a series of absorbers is placed in the path of a parallel beam of gamma rays the 
absorption takes place exponentially according to the relation 

/ 

or In /o — In / = tx 
id 


where I is the ionization current or number of secondary electrons counted at a 
thickness of absorber x, and /q is the corresponding (juantity with no absorber other 
than enough to give equilibrium ionization, t is called the absorption coefficient. 

In the following tables we give the absorption coefficients for several different 
substances and a large range of energy values. In addition we present a table of 
half-value thicknesses in aluminum and copper which may lielp in a quick rough 
determination of gamma-ray energies. Approximately, brass is the same as copper. 


Absorption Coefficient 
Water Aluminum 


Gamma - Ray 


Energy 


(Mev) 

Carbon 

0.25 

0.26 

0.50 

0.20 

0.75 

0.17 

1.00 

0.15 

1.25 

0.13 

1.50 

0.12 

1.75 

0.114 

2.00 

0.106 

2.50 

0.087 

3.00 

0.083 

3.50 

0.078 

4.00 

0.069 

4.50 


5.00 


5.50 


6.00 


7.00 


8.00 


9.00 


10.00 



0.124 

0.29 

0.095 

0.22 
0. 19 

0.069 

0.16 

0.146 
0. 132 
0.122 
0.115 

0.043 

0. 105 
0.100 
0.095 
0.086 

0.078 

0.030 

0.075 

0.073 

0.071 

0.068 

0.065 

0.063 

0.022 

0.061 


Copper 

Lead 

0.91 


0.70 

1.7 

0.58 


0.50 

0.80 

0.45 


0.41 


0.38 


0.35 


0.33 

0.475 

0.32 


0.31 


0.30 


0.28 


0.27 

0.480 

0.28 


0.28 


0.30 


0.30 


0.31 


0.31 

0.61 
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Gamma-Ray 

Energy 

(Mev) 

15.00 

20.00 

30.00 

50.00 


Half-Value Thickness for Different Energies 


Aluminum Copper 



E (Mev) 

(cm) 

E (Mev) 

2.0 

0. 15 

0.50 

0.12 

3.0 

0.47 

0.75 

0.25 

4.0 

0.'J2 

1.00 

0.52 

5.0 

1.40 

1.50 

1.20 

6.0 

2.00 

2.00 

2.10 

7.0 

2 . 05 

2. 10 

2.50 

8.0 

4.00 

2.30 

3.80 


Absorption Coefficient 

Carbon Waler Aluminum Copper Lead 

0.061 0.32 

0.017 0.054 0.32 

0.058 0.34 

0.015 0.061 0.38 1.02 


APPENDIX 6 


Masses 

Below is a very incomplete table of masses which, in a few years time will be prac- 
tically comprehensive. These masses are accurate up to about Si-* but for heavier 
elements the accuracy is considerably less. The values up to F'* arc taken from an 
article by Tollestrup, Fowler and Lauritsen (Phys. Rev., 78, 374, 1950), supple- 
mented by data on boron taken by Bateson. The neon isotopes are taken from 
Zucker and Watson (Pht/s. Rev., 78, 14. 1950); the remainder, up to Ca« are based 
on transmutation data taken by Motz, Sailor, Wyly, Davison, and Worth. The 
heaviest values are founded on the work of Duckworth. Johnson, Preston, and 

woodcock (Phys. Rev., 78, 386, 1950), plus transmutation data by Martin and 
Bateson. 


Element 

Mass 

Element 

Mass 

n 

1 . 00898 

Si2« 

27.9855 

W 

1.00814 

Si29 

28.9855 

H2 

2.01472 

Si*® 

29.9831 

H* 

3.01693 

p31 

30 . 9820 

He* 

3.01695 

S32 

31.9807 

He" 

4.00391 

S33 

32.9813 

Li« 

6.01704 

S34 

33.9775 

Li7 

7.01824 

Cl35 

34.9787 

Be® 

9.01510 

§36 

34 . 9778 

filO 

10.01617 

A36 

35.9781 

B“ 

11.01293 

Cl*7 

36.9775 

C12 

12.00390 

A38 

37.9744 

C13 

13.00755 

K39 

38 . 9762 

N14 

14.00756 

A^® 

39.9756 

N15 

15.0049 

Ca^® 

39 . 9754 

0»6 

16.0000 

K-** 

40.9740 

017 

17.0045 

Ca^2 

41.9712 

Qia 

18.0049 

Sc"* 

44.9669 

pl9 

19.0045 

Cr*® 

49.9602 

Ne^* 

19.9989 

Cr*2 

51.9571 

Ne^i 

21.0006 

Fe*" 

53.9566 

Ne22 

21.9985 

Mn** 

54.9547 

Na^* 

- ^ 

22 . 9970 

Fe*® 

55.9523 

Mg24 

23 . 9924 

Ni** 

57.9531 

Mg25 

25.9936 

Co*® 

58.9513 

Mg26 

Ap7 

26.9919 

26 . 9898 

Ni®® 

59 . 9488 
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APPENDIX 7 

Energy and Range Relationships for Fast Charged Particles 


give lu re two table's relating the rnerg^v and range of various charged particles. 
These' tables are intendeei for the following purposes: general information, quick 
cahulation of the necessjiry target, thickness in various cases, rough estimation of 
the range of a beam of particles, and estimation of the range of some group of par- 
ticle's evolved in a n'aetion. For serious measurement of nuclear energy levels the 
method of procedure givt'n in the invaluable review article by Livingston and Bethe 
(/&i'inrs of .\/o(I(ni Phifsirs, April 1937) should be followed. ' 

A short word about nuclear energetics can be put in here. If a bombarding par- 
ticle of atomic mass Mn has the em rgj' En and produces a transmutation in which a 
nucU'Us of mass A/.y and a particle of mass Mr, ('uerjo' Er, at an angle 0 to the orig- 
inal direetK.n of bombardment are formed, then if Q is the appropriate nuclear 
energy change there is a n'lation 

M.\Q = {My + Mr)Er - (My - Mn)En - 2{Mi)MrEiiEr) cos 6 

which holds and which cjui lie usi'd to (leti'rmine any one of the unknown quantities. 
In the above it is assumed that only one product nucleus and one particle are formed. 
It IS also a.'vsumed that the bombarding particle is captured. It is of interi'st that 
if tlie nuLTimuin value of En is considered tiu'n the formula also holds even if the 
bombarding particle is not captured, for where En is greatest tlie bombarding particle 
ami the product nucleus move olT togetlu-r. All the above results from the applica- 
tion of the laws of cons< rvat ion of momentum and energ>' to the process. Energies 
ari' in .Mi'v. 

In the tables we give mean ram/eK. The reason for specifying a particular tyix? of 

r.'inge is that there is an element of chance in the penetration of a charged particle 

through mailer. It may happen that a particle billows a path which involves a 

le.ss than ordinary number of colli.shms that cause energ>- loss. The particle will 

therefore not lo.se all its kinetic energy until it has traveled farther. Its ninge is 

thus abnormally great. It is easy to see that this element of chance will caust' a 

spread in the measured ranges of particles which have initially the same energ>’. 

us spread IS called slrau{/h'ng. As straggling follows a definite law. it is quite pt)s- 

si lie to measure a ([uantity which can be related (piite accurately to the initial energ>'. 

.ere are .several such <iuantities, of which we select two, the “extrapolated mimU'rs 

ange and llu' '■mean range'.” The nu-an range is the range reached by one-half 

t >e fiartieh's; the ext rapol:,ie,I numbers range is obtained by plotting a gmph of 

abseirplion ve'rsus numbers and extrapolating the ste-eiH-st tangent to cut the axis 

of /.T<. number I he two diller by about 2 per cent f..r protons and deutcrons and 

pi ( < n for a pha part leles. In all cases, of course, the mean range is less. For a 

iM. n.ugli consideration of tlu'se two ranges the reaeler is again referrx-d to the article 
by Livingston ami Bethe. 
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Equivalent Thicknesses of Absorbers 


In actual work, air is rarely used as tlie absorber. Ue lien* give 1 lie thickness in 

milligrams per siiuare centimeter of surface area of a few standard absorbers which 
IS equivalent to 1 cm. of air. 



A1 1.53 

Cu 2.10 

Ag 2.72 

Au 3.77 




Energy-Range Relations 




All ranges are 

in centimeters 

air equivalent, 

energies in Mev 


Energy 

• 


Range 




Proton 

iJfuteron 

IP 

UP 

Of Particle 

0.2 

0 . 29 

0.28 

0.24 

0. 16 

0. 17 

0.4 

0.65 

0.59 

0.57 

0.26 

0.27 

0.6 

1.10 

0.90 

0.S7 

0.35 

0.38 

0.8 

1.65 

1.30 

1.20 

0.45 

0.47 

1.0 

2.30 

1.72 

1.53 

0.55 

0.57 

1.2 

3.06 

2.19 

1.95 

0.03 

0.06 

1.4 

3.91 

2.70 

2.37 

0.74 

0.74 

1 . 6 

4.88 

3.30 

2.83 

0.85 

0.84 

1 • S 

5.92 

3 . 92 

3.30 

0.96 

0.94 

2.0 

7.20 

4.61 

3.90 

1.09 

1 .05 

2.5 

10.40 

6.51 

5.22 

1.46 

1.35 

3.0 

14.10 

8.78 

6.90 

1.86 

1.70 

3 . 5 

18.30 

11.32 

8.79 

2.35 

2.08 

4.0 

A m 

23.10 

14.40 

10.81 

2. 87 

2.49 

4.5 

A# 

28.30 

17.30 

13.17 

3.38 

2.97 

5.0 

33.90 

20.80 

15.60 

4.10 

3.48 

6.0 

M yv 

46.7 

28.2 

21.6 

5.50 

4.52 

7.0 

61.2 

36.6 

27.5 

7.09 

5.90 

8.0 

77.3 

46.2 

34.8 

8.80 

7.35 

9.0 

95.3 

56.6 

42.3 

10.60 

8.89 

10.0 

114.8 

67.8 

50.2 

12.85 

10.55 

11.0 

136.1 

80.2 

59.5 

15.2 

12.40 

12.0 

150.4 

93.4 

69.3 

18.0 

14.18 

13.0 

183.1 

107.4 

79.0 

19.8 

16.24 

14.0 

209.1 

122.4 

90.3 

22.3 

18.35 

15.0 

238.5 

138.2 

101 .7 

24.3 

21 . 17 

20.0 


229.6 

169 

39.5 

32.5 

2o.O 

or\ 


343 

260 

62.5 

51.0 

oU , 0 

35.0 


477 

344 

87 

71.0 

40 0 




114 

92.5 





144 

115.7 
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KANGE-ENBIKiY RELATIONS 


Range 



Proton 

Deuleron 

1.0 

0.56 

0.64 

2.0 

0 . 92 

1.23 

3.0 

1.18 

1.50 

4.0 

1.42 

1.82 

5.0 

1.62 

2.11 

6.0 

1.82 

2.37 

7.0 

1.98 

2.61 

8.0 

2.15 

2.84 

9.0 

2.31 

3.05 

10.0 

2.45 

3.24 

15.0 

3.11 

4.10 

20.0 

3.68 

4.88 

25.0 

4.20 

5.58 

30.0 

4.66 

6.21 

35.0 

5.08 

6.81 

40.0 

5 . 49 

7.34 

45.0 

5.87 

7.89 

50.0 

6.24 

8.38 

GO.O 

6.93 

9.32 

70.0 

7 . 55 

10.2 

80.0 

8 . 06 

11.0 

90.0 

8.72 

11.7 

100.0 

9.25 

12.5 

150.0 

11.61 

15.7 

200.0 

13.65 

18.6 

300 . 0 


23.3 

400.0 


27.3 

500.0 


30.7 


Energy 


7/3 

Ife^ 

a Particle 

0.63 

1.81 

1.92 

1.21 

3.15 

3.39 

1.63 

4.12 

4.52 

2.03 

4.94 

5.47 

2.41 

5.68 

6.31 

2.75 

6.34 

7.07 

3.03 

6 . 92 

7.76 

3.31 

7.52 

8.43 

3.55 

8.08 

9.07 

3.80 

8.64 

9.67 

4.83 

10.8 

12.3 

5.72 

13.0 

14.5 

6.51 

15.2 

16.9 

7.33 

17.0 

19.1 

8.02 

18.7 

20.7 

8.72 

20.1 

22.2 

9.33 

21.3 

23.4 

9.95 

22.4 

24.7 

11.02 

24.4 

27.2 

12.0 

26.5 

29.8 

13.1 

28.4 

32.1 

14.0 

30.6 

34.4 

14.8 

32.4 

36.6 


APPENDIX 8 

Elementary Pile Theory 


Much of the material in this Appendix is based on a series of lectures in pile theory 

r Laboratories Training School 

tr t of the authors was a member. A more rigorous 

eatment of this subject can be found in Soodak and Campbell, Elcmentan, Pile 
ineonj, John Wiley and Sons, 1950. 

Here ire propose to discuss in simple fashion some of the basic concepts of pile 

fi^leTK "■« "•>>' limit our discussion to the case of thermal jiiles 

fueled by natural U or, at most, U slightly enriched in Such piles are sufficiently 

a^rge that numerous simplifying approximations can be made. First we shall sketch 

determffi “'tT'""' r i>i'<' equations and show how these can be used to 

t Z ^th n , Pi‘- «‘mpes. Next we propose to in- 

estigate the effect of a reflector in reducing the critical size of the reactor. 

Equotions governing a finite pile 

ma'rir'TZ'' ^ of ““‘oral uranium spread in some suitable 

thZran mh® matrix of moderator. Although we know it is essential that 

whole ml -ri!- “'“PO'f’ "o al'all ignore the local variations in neutron flux over the 
nrodi.n^ 1 “ot a bad assumption since the dips in thermal flux near U lumps 

fiirth a minor local perturbation on the overall thermal neutron level W'e 

unspedfieT"'*' ^ dimensions are as yet 

If we wish to apply the four-factor formula of Chapter 11, 


= r)€p/ 


( 1 ) 


Xced hv t ^ “f ohanges are necessary. In the first place must be re- 

« anr) ^ longer presuming an infinite lattice. The quantities 

H^nre fi 

Tience for our finite pile we have instead of equation 1, 

f^eU = V^PeU/eff (la) 

ir-^ZTon'tlmsh'’ n just below the 

captui^r thmshold reaches the thermal energy region. In addition to resonance 

from the ffil ^ “^“mum there now exists the opportunity for the neutron to “leak” 
rom the pile, and hence p,„ will be less than p. Fermi and co-workers have shown 
that p,„ can be expressed by the following formula : 




( 2 ) 


Peff = pe 

neutron age. It is numerically equal to H the 
mean square (crow-flight) distance from the point of origin of a neutron in the 
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pile to tlic poirU ulu rc it is finally rc<luccd to tluTinal oiKTgy. In spite of the name, 
T <l««‘s rmt in any way involve time. If one a.ssumes suitable average values for 
X/, the tran.'jport m(>an free path * of the neutron and w,, the macroseopie scattering 
cro.ss section, over the range from fission energy Eq to thermal energ>' t can be 
calculated from tlie billowing expression: 



where applied to the mod(»rator, has its usual meaning. Since and 2, vary 
with the neutnin en(‘rgy in a complicated manner It is usually preferable to determine 
T expi rimentally. For a typical U-grapbite pile t has a value near 300 cm-. The 
tjuantity K- is defined by the cfiuation: 



V-(«) 

71 



n being the thermal neutron density within the pile (« the number of thermal neu- 
trons per cubic centiimder), and V- representing the well-known Laplaeian ojicrator. 
In Cartesian coordinates 


Hence lO can be written 



(5) 

( 6 ) 


I he proportionality of fast and tlu'rmal neutron density at every point in the pile 
is implicitly assjimed in ileriving tlu* above t'xpn'ssion for This WH'ins it'ason- 

able since slow neutrons are the agency for the generation of fast neutrons. 

If one (letermiru's the tliermal density along some line such as xx' or yi/ of the 
pile depicted in Fig. I, the curves shown will l>e obtninetl. The constant —K} can 
be inferprefe<l physically as inea.suring the curvature of the threi'-ilimensional plot 
\\hi«’h repri'sents the neutron (list rilait ion throughout the pile. As will be st'on 
laf<*r, this constant is a very important propi'rty of any pile. Inasmuch as n in a 
going pil(‘ d<>er(‘a.s('s as om* proeei'ds from the center o\itward, K~ always will be 
positive for a chain-reacting system, and eonstniuently /vrr < />. 

* If a material contains .V atoms per cubic centimeter, each with a neutron scatter- 
ing (Toss .section of o-,, the prohnhility that a neutron moving in this material will 
he seallered in 1 em of patli is or,, = 2^. It should In* clear then that X^, the dis- 
tance traveled hetwoen collision, is just 1,2,. Similarly, X„ = 1 /2a. In scattering 
collisions by neutrons with light nuclei, forward scattering is slightly favored. 
Henet*, in a given numlxT of collisions the neutron will actually progn'ss farther 
than it would if the seallt'ring were spherically symmetrical. To take account of 
this etTeet one introduces the transport mean fnv path X/. It turns out that 

X( — X., |l — (2 3.1)| where .1 is the mass luimlHT of the scattering nucleus. Ob- 
viously, for large .1, X< » X,. 
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/, the fraction of thermal neutrons absorbed by uranium, is also here decreased 

by tlie escape of some througli the surface of our finite pile. It turns out tliat / u 
is given by 

^ a -f- ‘"J 

where has the same meaning as before, and is the diffusion length for thermal 
neutrons in the pile. V is given numerically by the mean-square (crow-flight) 
distance from the point where the neutron liecomes thermal to the point in the oilc 
where it is finally absorbed. V defined by the following eciuation- 


L»r> — 


XaX/ 


( 8 ) 


Yi. 


where is the transport mean free path for a thermal neutron, and X« is the mean 

free path for absor[)tion in the pile. Because it is most difficult to calculate Xq for 
a heterogeneous mi.xture of uranium and 

moderator one usually proceeds as follows 
to deduce Lp. 

1. Determine by experiment tlie diffu.sion 
length h,n for thermal neutrons in the mod- 
erating medium alone. 

2. It has been shown by Plass that to a 
first approximation 

(9) 

3. If the uranium and moderator were un- 
iformly dispersed, / would be simply 



/ = 


Fig. 1. Rectangular block pile, 
showing the manner in which the 
neutron density varies along xx' 
(9a) ^^d yy' . Note in particular that 

the dcn.sity goes to zero at a point 
beyond tlie physical boundary of 

the block. 


^ mOm + Nu<Tu 

where and A^„ represent the number of 
uranium and moderator atoms per cubic 
centimeter of pile, and and <t„, are their 

respective absorption cross sections. For a lumped lattice the situation is much 
more complicated. 

However, from a knowledge of the sise and spacing of the uranium lumps in the 
or i'"'»lved, it is possible to work out an expression 

i>ilp / r* 'f r-quation 9 to give Z,/. For a typical U-grapliite 

1 de Lp also has a value near 300 cm-. 

Now the condition that a pile maintain a chain reaction is just 


^'eff = 1 


Tlierefore, combining equations la, 2, 7, and 10, we have 


( 10 ) 


■n^pfe 


( 1: = 1 


( 11 ) 


But, since equation 11 can be written 


- (1 -f- = 0 


( 12 ) 
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TABLE 


Sketch of pile 



r-4^ 


y 


1 

1 



1 

1 

J 


\ 

_ 


Type of pile 

Slab pile 
infinite in y and 

2 ilirections 

Spherical pile 

Boundary of pile 

Planes x = =t - 

2 

1 

1 

1 

Sphere of radius R 

E(iuHtion 4 • 

+ A'« =0 
dx- 

rf"(>0 . ‘2 din) , „ 

^ + . + A-71 - 0 

rfr* r ar 

Solution of e<juation 4 for 
/v- > 0, i.e., K must be 
real f 

71 = A cos A'x 

•I . 

ii — — sin Ar 
r 

Conditions for « = 0 at 
boundary § 

II II 

• 

• 

• 

-=i 

2 

Critical dimensions 

nIK 

II 


CVitioal volume 

V = OO 

V = lirR» 

V_130 

A'» 







1 
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(Refereoce notes for tabic are on following page) 


320 


APPENDIX 8 


Tabic 2 lists the critical dimensions for the various pile shapes, utilizing the above 
value of A'". As might be expected, the spherical pile boasts the smallest volume, 
followed by the cylindrical pile and cubical pile in that order. 


Pile 

Shape 

Slab 

Spherical 

C’vlindrieal 

Cubical 


Critical 

Dimension 

t = 314 cm 

R =314 cm 

R = 294.5 cm 
h = 544 cm 

a = 544 cm 


TABLE 2 

Critical Dimension 
Corrected for 
Augmented Distance 

/ = 310 cm 

R = 312 cm 

R = 292.5 cm 
h = 540 cm 

a = 540 cm 


Critical Volume 

r = 00 

V = 1.27 X I0»cm3 

V = 1.48 X 10® cm® 

V = 1.58 X 10* cm® 


The three functions that describe the variation of neutron density within our four 
piles are: 


TT 


(1) cos— a 

S0 


( 2 ) 


sin Tra 


TTQf 


2x 2z 

where or = — for slab or — for cylinder 

i h 


where ^ ~ sphere 


(3) Jo(2.405ot) where a = — for cylinder 

R 

These functions are jdotted in Fig. 2 over the range a = 0 (center of pile) to 1 (pile 
boundary). It is clear that they differ only slightly in form. Hence as one moves 
out from the center of a pile along a major axis no appreciable error is made in 
assuming that the neutron density follows a cosine function in all cases. 

Pile with reflector 

Thus far wc have limited our discussion to bare piles. In practice a reflector 
almost invariably surrounds the reactor. By adding a reflector one secures two 
major advantages. 

1. The critical size of the reactor is appreciahly reduced. This ix'rmits a con- 
siderable saving in the amount of fissionable mat(*rial needed for a chain-reacting 
pil(>. 

2. 1 he neutron distribution over the pile shows less variatitm than in the bare 
pile case (see I'ig. 3). Tliis means that the fuel near the reactor boundary is enter- 
ing more fully into the chain reaction. Thus if the power level is limited by the 
tempe rature of fuel rods at the center, a pile with a reflector can l>e operated at a 
light r power output than the same pile without a reflector. It is assumed of course 
that the latter will be chain reacting. The chief purpose of the n^flector is to scatter 
back into the pile where they can be utilizeel neutrons which would otherwise leak 
and be lost. Therefore in selecting a reflector medium one seeks a material with a 
large for neutrons and low For these n\asons gooti moderators usually make 
good reflectors. To date grapliite has proved most popular for rt'flector purposes, 
just as It has been tlu* preferred moderater. However, one should not exclude Be, 
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predominates to “a^e it it aura!:;.:*’"*^" -ter 


Fig. '2. 



cue marKea similarity in behavior of the fui 
express the neutron density within a chain reactor. 


0.71X 



( 6 ) 

density di3triboti^rci^“[l,e*^|e View “ 1 ^“'^ ^'“'’ r''® ““d the 

Note the decreased reactor threknesi as^o ' a slab p.le rrith reBector added. 

d...s..n.d by the re.eet'or iSpr^d-Sren r.trrL"=; 

in the reflector. 

oft'Cc^or'wrlCutt^hJS^^ <="«-* -- 

fo^wing otmtp^if;in?^Up';ior'’’'"‘'' oalculatC we"v^U mlkethe 

f2t tl* have the same energy (thermaP 

tractor and reflector. It leads us to underestimate shghtlyXTSlent o“ t‘he 
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n'Mc'ctor sinrc tJi<> latirr posso.sscs a liigluT allxald (rofloction c(K>fficR>nt) for fa«t than 
for shiu neutrons. Once the proposi-d problem is solved we will indicate what 
changes are nec<*.ssary wh(>n con<li(it»n 2 is not satisfied. 

To start, let us c<jml)ine t lie pile equations 4 and 13 into a form which will hold 
fl) in the rea<'tor and (2) in the n*flector. Since no slowing down is involved under 

our siinph* appn>.\iination, t will be everywliere zero. 7'herefore in the reactor we 
fiml 

_o. . , ^ sc 1 ^ 

V'(n) + — r-o— n = 0 (U) 

1 ^ *■ 


wia re we have substituted the value of A- from e(iuation 13 into eciuation 4. 
In the reflector = 0. Hence the e(|uation applicable to this region is 

v-(«) - 7 ^ » =0 

I Jr 


(15) 


wh(‘re Ijt is tlie thermal diffusion length in tin* reflector, i.e., in pure graphite. 

W e must find .solutions for etpiations 14 and 15 subject to tlio following boundan,’ 
conditions (s(M‘ h'ig. 35). 

(!) u 0 at t li(‘ origiri (j- = 0 ). 

(2) u — 0 at tin* outer lamndary of the r(>fl(‘efor (x — .1 + T). 

(3) u and tlu i\s l»e continuous at the reactor-reflector interfact', (j* = -4). 

Solutions that .satisfy conditions 1 and 2 are 


f, « - I 

n = ( I (’<»’ — - - X 

I 


for X < A 


Ti = C 2 sinli + A - -r) j for .1 < j- < .1 -f T 


Cl and ('2 are constants. 

The first part of condition 3 retjuires that 


('i cos <^> 1.1 = (’2 sinh ^7’ 


wht're we have substituted 


(16) 

(17) 


(18) 



The second part of 3 demands that 



— Ci4>i sin <^i.l = — f ’202 (*osli 4>27’ 

Dividing o<|Uation 11) by equation 18 yields 

<^>i tan = </>2 coth 

Now ns 7 -► 0, coth 02 '/’ This retpiires that the iirgument of the tnn 

i.e., 01 . lo = T; 2, or 



T 


(10) 

( 20 ) 

Tr/2, 

( 21 ) 
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Here Aj is just the critical half-thickncss 
The critical value of A with a reflector 


of the slab j)ile with no reflector, 
present is, fn^rn ecjuation 20, 



The reduction m half-thickness of the reactor due to the reflector is just 


( 22 ) 



which is the quantity we desire to calculate 
“pile savings.” 


S is known by the 


(23) 

descriptive title 



Substituting equations 21 and 22 into equation 23 gives: 


S 


^1 L2 


tan ‘(Jeoth^.r)] 


(24) 

uranium-graphfte*‘attilfnameiy* 

for any refleetor thLS.e'sl!‘“‘TaWe rtTbZfs rfL' vlriots vafuel 
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TABLE 3 

Pile Savings S for a Slab Pile, Assuming Various Thicknesses of Reflector 

(graphite) 


T (cm) 

S (cm) 

1 

1 

5 

5 

10 

10 

50 

35 

100 

42.2 

30 

43.2 


It is soon that a thin layor of grapliite ('^10 cm) reduces the reactor half-thiekness 

l»y a corresponding amount. On the other hand little is gained in making a graphite 
refl(>ctor thicker than 100 cm. * 

It is interesting to calculate the reduction in size for the cubic pile of Table 2 if 

we surround the react<.r with a 1-moter layer of graphite. Strictly speaking the 

value of 42.2 cm found for this case applies only to a slab pile. However, owing to 

the large size of a critical natural uranium-grar>hite cuU', we can apply the same 

correction without introducing an appreciable error. The new value for the culx? 

edge will 1)0 540 - 84 = 35(> cm. This gives a critical volume of only 0.45 X 10« 

cm- compare<l to 1.58 X 10« cm^ fnr a bare pile. The surprising conclusion is that 

l>y the addition of a 1-meter graphite reflector we re<iuire only 28.0 {xw cent as much 

uranium to construct a chain-reacting system as would be needed in the absimee of 
a refl(‘etor. 

If the ni.Hlerator and reflector differ in eomiwsition c<uiation 24 must be replaced by 




(25) 


where X ,2 is the transport mean free path for a neutron in the reflector, and \n is 
tlic -same quantity for tlie moderator. If wo apply equation 25 to the umnium- 
graphite lattice considered above Init employ an II.O reflector we must use the fol- 
lowing constants, again gleaned from a publication by Fermi: 


A* = I.Ot) 

I'P ~ 17.4 cm 

A'r = 2. So cm (pure wati'r) 


<t>\ — 0.014 cm 


— 1 


= 0.35 cm 


-1 


X/i = 2.7 cm (graphite) 
X /2 = 0.43 cm (water) 


r«b k 4 l.sis Ibe pde sav.OKs for this caao, Tl.is table Ix-ars out the previous state- 

n. nt that a tlun layer of 11,0 makes an excellent reflector. But owing to the large 

value of oc an mfinite thickness of water is much less effective than an 

inhmte graj)!ute layer. 

It mu.st he en,pha,si.ed that all reactor dimensions caleulated in this chapter mfer 
to piles w.th a maxunun. h..„ of 1, i.e., they will just be chain reaeling. In pmeliee 
a pile IS u.sually built larger tliau tlie erilieal dimensions, the e.xcess reactivity Ix-iug 
eontro led bj_meaii.s of n giilaliiig rod.s (thermal piles) or gap controls (rt-.sonanee ami 
fa.st I, lies). The extra reactivity present provides a potential excess of neutrons for 



APPENDIX 8 


325 


experimental purposes and also allows one to overcome the decrease in k due to fuel 
depletion, fission product poisoning, and changes in temperature. 

TABLE 4 

Pile Savings S for a Slab Pile, Assuming Various Thicknesses of Reflector 

(H 2 O) 


T (cm) 

S (cm) 

1 

6 

5 

16.4 

10 

17.5 

50 

17.5 

00 

17.5 
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Neiitron Difkraction 

AconlinK to .)o BroKlio any particle of mass m moving with velocity t; 1ms an 
associated wavelength X. 


X = 


inv 


\/2niE 

/) = Planck’s constant, and E = kinetic energ>' of the particle. By the use of 
this formula one fimls that tliermal neution.s possess wavelengths of the same 
order of magnitude as x-rays employed in dilTraction work. Tins immediately 



fv rl] P'i'x iple of ll,e nentron sp..cl,ometer. A single crystal 

(.Nat I, l.il-. ct. .) micrccpts tl.e collmmic.l neninm beam at an angle e svich'that 
O pr.amncnt set of ,.,yslal planes is in ,lilT, acting position for neutrons of tl.e 

va'luc' of rr 'i '’"'■'ml" P'‘‘"x io NoCl the required 

ti c I r ' I T r"' ‘"-sell diagrams picture the energy- distribution in 

e errcl'l v"" *'''ams, tl.e latter being essentially mono- 

.n,.geln. Var.ous valuable .hlTraCion an.l al*orption experiments can be per- 

formed using this beam. 


f. u- 0 ^ n r noub-on beams as a dif- 

v. of -oeognized many vca.^ ago 

en.rg - f tT"’ ^'T ond sp.-ea.l-ou. 

cn.igy of tl.e.. al ncul,.,n beams obtainable at that lime. Tl.e advent of 

c .am-.eact.ng p.lcs w.tl. lb, ..- high ne,.l,on fluxes ,)laeed this matter in a n.uv 
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light, and the technique of neutron diffraction has already been applied to a 
variety of problems. Admittedly the' thermal neutrons issuing from a pile 
show a broad Maxwellian spread in energy, but Fig. 1 illustrates how a “mono- 
chromatic ' beam of neutrons may be secured by diffraction from a single crys- 



* t.ic vanauon m a, with energy for Ir over the thermnl 

the ™Lrof^iRht"°and^°‘‘r ‘‘S'^ement between values obtained by 

of flight and neutron spectrometer methods. In addition to a the 

spect.on.eter method is capable of measuring as a function of en^y £ me^: 

of activation measurements. 


nux^i moDochromatiDcr 
cryst^ 




Defining 
slits 


Shieldio^ 



Approximate 
scale 


RiLf fof dtr'"*' «P'^'^»™>"eter used by Wollan and Shull at Oak 

s£uc u re sU.dTer“N^ £ and for c ystel 

£e lln. RW diffracted in the powder specimen are detected by 

Auvihar^ I ^ manner the powder diffraction patte.n is receded 

Auxthary equipment permits automatic traversal and recordfng of any “esh ed 

angular interval. 

W between the incident beam direction and crystal 

u is tefmed a"w ‘ - diffracted. Tht appara 

mlochrom^ic nenZ K with it one can produce at will 

tional electron-volt reg^n^^TMs Th ^ energ>' in the frac- 

g . his scheme has been used extensively in measuring 
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the total neutron cross section for elements in the interval from 0.05 to 5 elec- 
tron volts, where it supplements the "tiine of flight” method very nicely. Fig- 
ure 2 depicts the results obtained on Ir by both methods. Satisfactory agree- 
ment IS to be noted. ^Smee the siiectrometer provides spatial separation of 



1 




V.' ^ > • 




I- 10 . I. Neution difTrnclion by a rock-stilt crystal, ns recorded by Wollan and 

Shull of the Oak Hidge National Laboratory. 

noulron cnrrKirs ono ha. a moan, of <lotormini„^ absorption oros. sections 
imuiucly through measurements on the induced activities 

Krotn a rooor.l of the .l.ffract.on pattern from a .specimen, using the setup 
..kelthed m Hg. 3. tt is po,...,l.le to evaluate the “phase" of neutron scattering 
for vartous elements a.nl the method .. much used in this eouneetion. llou^ 
mer. potent tally the most powerful application of neutron diffraction is in the 
held of crystal structure analysis. For a long time x-ray diffraction has cxer- 


APPENDIX 9 


329 


cisod a monopoly in this field, but there are many places where x-rays prove 
inadequate. For the study of superstructure in alloys of metals with neighbor- 
ing 7. values (Fe and Co, for examiile) x-rays offer little help, owing to the 
close similarity in x-ray scattering power for tiiese two atoms. Likewise it has 
pieviously been difficult or impossible to pinpoint hydrogen atom positions in 
H-contaming crystals on account of the negligible scattering of x-rays by the 
lone electron associated with hydrogen. Fortunately neutron diffraction does 
not suffer this limitation. Thermal neutron-scattering cross sections conform to 
no set pattern as regards atomic number, hydrogen having an outstandingly high 
value. Similarly Fe and Co appear decidedly different to thermal neutrons, 
bcattering cross section is not a completely adequate criterion iiere, since only 
the coherent part of the scattering acts to produce a diffraction pattern. Never- 
theless It has been possible to identify superstructure formation in Fe-Co alloys 
via neutron diffraction, to deduce “magnetic” unit cells in ferromagnetic and 
antiferromagnetic crystals, and the method has been used successfully to locate 
hydrogen positions in the crystals NaH ami H,0 (ice). A most promising 
future is predicted for this techniiiue once the number of nuclear reactors for 

research purposes is increased to the point where the tool will be available to 
crystallograpliers on a routine basis. 

As an example of neutron ilifTraclion we show in Fig. 4 the pattern produced 
hy a smgle crystal of .sodium chloride. The bright patch at the center is ,lue to 
und.ffracted neutron.s; the pattern of .spots are at angles for winch the de 

7a, i " "f'" may not be con- 

harfhe ni , and recall 

that the neution is an uncliarged particle. 
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Cross Sections 


For fast particles Serber has developed a very interesting viewpoint. The in- 
coming particle is regarded as a wave which encounters regions of different re- 
fractive index and finite size. Tliese regions are the nuclei. For light nuclei 
the absorption is not complete so that a neutron has about a 50 per cent chance 
of going through the nucleus. Apart from this the chance of absorption is given 

by a nuclear cross section nr^- where r = 1.37 X 10-13 A^\ For heavy elements 

the chance of being retaineil is unity. The scattering cross section is larger, 

being determined by the diffraction of the wave. For charged particles the 

coulomb barrier complicates this, though only appreciably so, at less than 10 
Mev. 

For slow particles, which are necessarily neutrons, the cross section a is dom- 
inated by the resonance formula 


r- 


a = CO 


{E - £o)- + V 

4 

Superposed on this is the non-re.sonant cross section var>dng as l/v. The en- 
tire descriiition of the cross section is often rather more complicated, and a 
complete curve for c versus energy must be obtained experimentally. The 
available material is admirably summarized by Goldsmith, Ibser, and Feld in 
a table publi.slied by the Addison Wesley Press. Cambridge, Massachusetts. 
I his table should be consulted for any detailed knowledge. We give below 

a selection of cross sections chosen more from the point of view of interest 
than for reference. 
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Natcrb 

Incident Ede** op Cross 
Particle ment Section 

« H Total 

Scattering 


D 

Total 

Li 

Total 

B 

(.na) 

A1 

Total 

Mn 

Total 

Rh 

Total 

Ag 

Total 

Cd 

Total 

Sm 

Total 

Gd 

Total 

Elec- 

Total 


tron 


Law 

Obeyed 

Not simple 

Not simple 

Not simple 
lA 

1/v 

Roughly 

constant 

I/p plus reso* 
nance 

I/p plus reso- 
nance 

1/p plus reso^ 
nance 

1/p plus reso- 
nance 

Complex reso- 
nance 

1/p falling off 

Not established 


Cnergt 

(elec- 

Cross 

tron 

Section 

volts) 

(barns) 

0.1 

36 

0.01 

71 

0.1 

13 

1.0 

4 

0.1 

3 

1.0 

1 

O.l 

40 

0.1 

350 

1.0 

1.5 


Reso- 

Cross 


nant 

Section 

Half- 

Enbrot 

AT 

Width 

(elec- 

Reso- 

AT 

tron 

nance 

Reso- 

volts) 

(barns) 

nance 


0.1 

10 

300 

18 

1,000 

0.1 

90 

1.3 

2,000 

0.3 

0.1 

35 

5.2 

500 

1.2 

O.OI 

3200 

16.0 

45 

0.176 

22 

16 

7.200 

3 

18 

0.13 

0.01 

0.1 

7 X 10< 
10-'3 

0.1 

15.000 

0.07 


Nuclear 

photo 


2.5 (Mev) 0.001 


effect 


e 

Rh 

Electron 

Proton 


excitation 

C 

Formation of 

Alpha 


x-mesons 

C 

Formation of 

particle 


x-mesoQs 


0.8 (Mev) 10“® 

Partial expo- 350 (Mev) 0.01 

nential rise 

Partial expo- 350 (Mev) 0.001 

neatial rise 



APPENDIX II 

Some Laboeutohy Experiments 


In order to brinR some reality to one’s imderstandins of nuclear physics a few 

clianccs to manipnlalc e(|uipmcnt and sec what it docs arc invaluable. Such 

experiments are now relatively cheap and easy, and we wish to sugRcst brieflv 
a few that can bo tried. 

The nuclear part of the e(|Uipment. the radioactive sources, can readily be 
obtained at tolerable cost. We subtlest a few millicuries of polonium as a 


Al foil 


Al foil to 



Proportional 

counter 


To pump 
Al foil backed 
by ((old foil 


End view 


iB) (A) 

Fia. 1. Bombardment ehamber, and proportional eountcr for alpha-particle trans- 
mulation of ainminnm. The Al foil at (A) is l.oml.arded by alpha particles from 
the source. These are slopped in a Kold foil placed hehind the Al. The ehamber 
IS made vaemimtiRlit will, an Al foil waxed on to the end. The .source is on a 

Pi'X’f "-ilh a rnhher pa.sket. Al foils can be placed at 

(B) to men.sure the range of the protons produced in the reaction: 

A I-' -I- Hot ^ jj] 

source of alpha particles, of radium and beryllium for neutrons (10 millicuries) 
a source of Co'"> wire for gamma rays and some P-t: for beta radiation. The 
wo foMoer can he ohlamed from the Canadian Uranium and Radium Corpora- 
tion oi the Eldorado Corporation, and the two latter from Oak Ridge The P3= 
will need to be re-ordered as its half-life is short, h„l it is excellently handled by 

he Isotopes Division of the Atomic Energy Commission, and the ordering 
proce.ss is easy and simple. 

I’or detection wo suggest a Eaiirit.sen eleelroscopo, a Geiger counter and scal- 
ing circuit, and a proportional counter with amplifier and ncces,sorios. These 
can all be piircha.scl on the market. An ingenious circuit man can so e.asily 

construct the latter two (including the proportional counter) that we suggest 
that he amuse himself by buihling them. 
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We suggest four experiments, though many more can be devised with this 
much equipment. The first is a repetition of Rutherford's original transmuta- 
tion experiment, with the exception that aluminum is studied in place of nitro- 
gen. The apparatus consists of a proportional counter with a foil of 5 cm air 
equivalent sealing it off and tank argon at about 20-cm pressure for gas filling. 
A series of aluminum foils (obtainable from the Aluminum Company of Amer- 
ica) are cut and weighed and expressed as air equivalent by using the factor 
1.54mg/cm2 is equivalent to 1 cm air. 

A bombardment chamber is then constrxicted as indicated in Fig. 1, in which 
the source bombards a thin aluminum foil placed across an opening which is 



Fio. 2. Absorption curve for protons taken with the bombardment chamber of 
the previous figure. The dotted curve is for a high bias on the counting circuit. 
The existence of three groups is seen. At A the ground state of Si^o is formed 
and the nuclear energy change checks the mass values. At B the first excited 
state of Si30 is formed, and at C are protons produced by bat-and-ball collisions 
between hyrogen gas contamination in the aluminum and the alpha particles. 

further sealed by a gold foil of air equivalent (based on 3.42 mg/cm2 = 1 cm air) 
of 4 cm. A small foil holder is fastened on to the bombardment chamber which 
IS then evacuated through a glass wool filter to catch any radioactivity due to 
polonium detaching itself from the source. 

The source is placed as shown. It should preferably be deposited on one 
Side of a nickel button, and a 5 millicune source is ample. 

On placing the counter near the end of the bombardment chamber a yield of 
about 60 counts per minute due to the reaction A127(ap)Si30 should be observed. 
By interposing aluminum absorbers an absorption curve for the protons should 
be obtained which will contain three groups. One group, with a total range of 
about 16 cm, is due to bat-and-ball collisions between alpha particles and hy- 
drogen contamination in the aluminum. The other two are due to ground and 
first excited states of Si3o. Measurement of their energies, using the equation of 
Appendix 7 and the range-energy relation, gives two Q values. The greatest 
of these can be shown to check with the mass difference for the reaction, using 
the masses in the table and the relation B ~ me- in the correct units. 
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The kind of absorption curve obtained is shown in Fig. 2. If the bias on 
the counting circuit is raised, tlion the dotted appearance results. This is due 
to the higher rate of ionization at the end of the particle range 

A second experiment is the manufacture of short-lived radiosilver and a 
mea.^irement of its half-life. For this 10 millictiries of a mixture of railium 
ami bery hum are needed. This is .surrounded by a cylinder of paraffin 9 inches 
in di., meter with a 1-inch hole bored in the center. A silver tube % by 4 inches 
IS lowered over the source for 30 seconds and is quickly removed to another 


a 


Steel coyer 


Counter 


Source 



Aluminum foil 


Imainum foD 


To pump 

Idaimctic lens 

Fio. 3. A simple lens .spectrometer. About 1100 turns of No. 16 or No. 18 enamel 
wire aie wound in a steel .spool with a gap about % inch wide of brass in the center 
cj inder. This brass should be welded to steel about % inch thick. The magnetic 

ho es and a lead .ffiitble cone. To enable removing the lens the left-hand end 

rmpTs m^ad^ffi “ '‘i*' "'''"’‘’i “ groove ns shown. The 

tiamp made m two sections and so can be removed. A pressure of around 

1 min Hg is necessary. 

room (where the backgroiin.l from the 10 millictiries of radium is not observed) 
and .slid over a cylinder Geiger counter. There should result about 100 counts 

Ag’ ' '"bv tl ' ' 1 f This is due to 

^.08 t . “ Ag>o»(„^)Agno. It i3 likoiy that some activity due to 

This ean‘'be 1 n 23 minutes will be observed. 

mi 1^ Abou 30 5 

imutes. About 30 counts per minute should result. 

CoTims^Zukl tTi"" P<^"°ds. 

^Iiir ridt i?-" 

conUinr borom “f'^-Vrex which 
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Still another variant is to collect 25-minute iodine from ethyliodide by adding 
a little free iodine, placing the ethyliodide near the source but surrounded 
by paraffin, and removing the free iodine with KI after exposure. This is the 
Szilard-Chalmers process and the radioactivity is primarily collected in the 
free iodine. 

A third experiment involves plotting the beta-ray spectrum of P32. For thi.s 
a simple lens spectrometer can be constructed, as indicated in Fig. 3. The len.s 
is easy to wind, and the whole spectrometer can readily be built by anyone 
mechanically inclined. The source of P32 is placed at one end and a bell- 



Fig. 4. Apparatus to demonstrate the change of wavelength of gamma rays with 
scattering. A gamma-ray source of cobalt in the forni of wire is shielded directly 
from a counter by 10 inches of lead. Scatterers of lead as shown are then placed 
at various positions so as to give various scattering angles. The gamma-ray 
energy (and hence wavelength) is measured by means of cylindrical absorbers 

placed around the counter. 


shaped beta-ray counter at the other. The current through the coil is varied 
and a beta-ray spectrum is plotted as indicated. The actual value of Hp has to 
be found by calibration. This is not easy to do, and if a more elaborate experi- 
ment is needed it is suggested that P32 be used as a calibration and, say, Na24 

be checked against it. Just plotting the beta-ray spectrum alone is usually most 
interesting. 

Low-energy spectra cannot be easily measured because very thin foils are 
necessary. 

As a fourth experiment a check of Compton scattering can be made For 
this a CoQo source in the form of wire is placed behind a wedge-shaped lead 
block about 6 inches high and 10 inches long, tapering to about ^ inch at the 
narrow end and IH inch at the wide. Lead is easy to cast. 

A cylindrical counter is then arranged as shown in Fig. 4, so that no direct 
radiation from the source reaches the counter. Lead covers are needed above 
and below the cylindrical counter. Lead scatterers, inch thick and about 
6 by 6 mches are then placed at various angles, and the absorption curve for the 
scattered radiation is plotted with cylindrical absorbers placed over the counter. 
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AX = — (1 — cos 9) 


me 


whore AX is the wavelength change 
and E is energy, we have 


Since X _ c/v and hv = E where i' is freciuency 


cn 


^T,’ "T ‘''««n.tioa cooffioiont and E for Co«o 

S=i Sr — =r“ 

Uc have ink™ the all.tu.lc that simple experiments suel, as alpl.a- beta 

and t orn.Uo plant are an excellent combination. The uptake is rapid and 
all km. s of measurements, including radioautographs, can easily be m- de ' 

rrr -fr 

h. i,; 
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